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Abstract  No.  1 


NUCLEATION  OF  LEAD  SULFATE  IN 
POROUS  LEAD-DIOXIDE  ELECTRODES 

Dawn  K.  Bernardi 
Physical  Chemistry  Department 
General  Motors  Research  Laboratories 
Warren,  Michigan  48090-9055 

In  the  lead-acid  battery,  the  nucleation 
and  growth  of  PbSO.  particles  can  influence 
the  voltage  characteristics  and  determine  the 
available  capacity  by  covering  the  active 
material.  During  constant -current  discharge 
of  fully  charged  PbO_  electrodes,  a  minimum 
at  the  beginning  of  the  voltage-time  curve  is 
observed.  This  phenomena  is  referred  to  as 
the  "coup  de  fouet"  and  is  believed  to  be 
caused  by  a  supersaturated  solution  of  lead 
ions  occurring  temporarily  during 
discharge  <1>.  The  overall  elect rochemcial 
discharge  reaction 

Pb02  *  4H *  •  2e" - ►  Pb2*  -  2H20 

produces  lead  ions,  and  the  electrode  voltage 
(relative  to  a  reference  electrode)  falls  in 
accordance  with  the  degree  of  lead-ion 
supersaturation  until  the  PbSO^  nucleation 
and  growth  processes 

Pb2*  *  HSO  '  - 1  PbSd„  *  H*  . 

4  4 

can  overcome  the  electrochemical  reaction 
process  and  thereby  stabilize  the  potential 
by  reducing  Pb  supersaturation. 

We  present  the  results  of  a 
1 -dimensional  mathematical  model  of  a  porous 
lead-dioxide  electrode.  Although  similar  to 
other  models  of  these  electrodes  <2, 3),  the 
model  presented  includes  PbSO^  precipitate 
nucleation  and  growth  kinetics.  Classical, 
heterogeneous  nucleation  rate  theory  that  is 
based  on  developments  given  by  Moazed  and 
Hirth  (4)  is  applied  in  the  model.  The_ 
electrolyte,  which  consists  of  H  ,  HSO^  ,  and 
Pb  ions  in  water,  is  treated  with 
concentrated  electrolyte  theory  much  like  the 
treatment  given  by  Sunu  and  Bennion  (5)  for 
the  electrolyte  of  the  zinc-electrode.  The 
model  numerically  solves  eight  finite 
difference  equations:  three  material  balance 
equations  for  electrolyte  species  and  solid 
species,  an  electrochemical  kinetic  equation. 
Ohm's  law  in  the  electrolyte  phase  and  the 
solid  phase,  an  equation  describing  the 
electrolyte  velocity,  and  a  nucleation  rate 
equation. 

Figures  la  and  lb  compare  model  and 
experimental  results  (1)  of  the  electrode 
voltage,  relative  to  a  Pb0,2/PbS04  reference 
electrode,  for  three  discharge  current 
densities.  Figure  2  shows  the  calculated 
lead-sulfate  number  density  during  discharge, 
where  number  density  is  defined  as  particles 
per  unit  PbO^  area  within  the  electrode. 

(The  variable  x  refers  to  the  spatial 
dimension  through  the  electrode  thickness  L. 
The  position  x=L  corresponds  to  the  face  of 
the  electrode  in  contact  with  a  reservoir  of 
electrolyte.  The  position  x=0  is  at  the 
current  collector  within  the  electrode.  >  The 
slope  of  each  curve  in  Fig.  2  is  proportional 
to  the  nucleation  rate.  The  nucleation  rate 
at  initial  time  and  long  tlmea  la  near  zero. 
We  can  distinguish  an  initial  induction 
period  where  the  nucleation  rate  is  low. 


followed  by  a  nucleation  period  in  which  the 
maximum  nucleation  rate  occurs.  During  the 
growth  period,  relatively  little  nucleaticn 
occurs.  Figure  3  Bhows  the  behavior  of  the 
lead  ion  concent rat  ion  at  various  positions 
throughout  the  electrode  crosa  ^ection  for 
the  discharge  rate  of  9. 6  mA/cm  .  The 
minimum  in  potential  (Fig.  1)  corresponds  to 
a  maximum  in  lead-ion  concentration,  and  the 
maximum  supersaturation  ratio  is 
approximately  2000.  The  shaded  area  of 
Fig.  4  indicates  estimates  of  lead-sulfate 
number  densities  obtained  from  scanning 
electron  micrographs  of  experimental 
electrode  cross  sections  (6).  The  three 
large  points  indicate  the  number  densities 
calculated  during  the  growth  period.  Two 
unknown  quantities  in  the  nucleation  rate 
expression  ( PbSO^/elgctrol^te  interfacial 
free  energy  (8  x  10  J/cm  )  and  the 
fundamental  lead-ion  diffusion  Jump  frequency 
<  l(j  s  )>  were  adjusted  to  allow  the  model 
results  to  fall  within  the  range  of 
experimentally  expected  values. 

In  conclusion,  the  proposed  theoretical 
approach  is  satisfactory  for  describing  lead- 
sulfate  nucleation  phenomena  in  porous  lead- 
dioxide  electrodes.  Reasonable  agreement 
between  model  and  experimental  results 
upholds  postulates  that  the  voltage  dip  is 
caused  by  temporary  lead-ion  supersat urat ion. 


REFERENCES 

1.  D.  Berndt  and  E.  Vosb,  "The  Voltage 
Characteristics  of  a  Lead-Acid  Cell  During 
Charge  and  Discharge, "  Batteries  Zj  D.  H. 
Collins,  Editor,  2,  pp.  17-27,  Pergamon 
Press,  Oxford  (1965). 


2.  W.  H.  Tiedemann  and  J.  Newman, 
■Mathematical  Modeling  of  the  Lead-Acid 
Cell, "  in  Battery  Design  and  upt imiza t ion, 

S.  Gross,  Editor,  79-1,  pp.  23-38,  The 
Electrochemical  Society  Softbound  Proceedings 
Series,  Princeton,  NJ  (1979). 


3.  H.  Gu,  T.  V.  Nguyen,  and  R.  E.  White,  "A 
Mathematical  Model  of  a  Lead-Acid  Cell: 
Discharge,  Rest,  and  Charge, "  Journal  oi  the 
Electrochemical  Society.  234,  2953-2960 

(December,  1987). 


4.  K.  L.  Moazed  and  J.  P.  Hirth,  "On  the 
Contact  Angle  in  Heterogeneous  Nucleation 
Upon  a  Substrate, "  Surface  Science.  3,  49-61 

( 1964  ) . 


5.  W.  G.  Sunu  and  D.  N.  Bennion,  "Transient 
and  Failure  Analyses  of  the  Porous  Zinc 
Electrode, "  Journal  of  the  Electrochemical 
Society.  127,  2007-2016  (September,  1980). 


6.  C.  P.  Wales  and  A.  C.  Simon,  "Effects  of 
Deep  Cycling  on  Lead  Positive  Plates," 
Journal  of  the  Electrochemical  Society,  128, 
2512-2517  (December,  1981). 


1 


I  =  4.8  mA/cm2 


Abstract  No.  2 

A  MATHEMATICAL  MODEL  FOR  DISCHARGE,  CHARGE 
AHD  SELF-DISCHARGE  OF  A  LEAD  ACID  CELL 

N . F . Compagnone 

Industrie  Magnet!  Uarelli  S.p.A. 

24058  Romano  di  Lombardia,  BG  (Italy) 

The  lead  acid  cell  is  schematically  thought 
as  the  site  of  two  competing  reactions: 
charge  and  discharge  (primary  reaction)  and 
gas  evolution  (secondary  reaction). 

Each  reaction  is  described  by  a  Butler- 
Volmer  type  equation: 

r  ii  -  hikrd)V(v-vo-rii:> 

-Hl2(02/e-^<V-V0-RI1)  [11 

(  12  -  H2  (eG<V-00>  -  e-«V-U°))  [2] 


The  '-wo  reactions  are  driven  by  the  same 
voltage  V.  The  sum  of  their  rates  II  and  12 
equals  the  externally  impressed  current  I: 


11+12-1 


1-0  is  the  self-discharge  state  while, 
conventionally,  I?0  and  I<0  are  the  charge 
and  discharge  conditions,  respectively. 

All  the  parameters  of  eq.  [1]  and  [2]  are 
constant  except  RD  and  OX  which,  for  the 
step  S  at  time  t(S)  of  a  step  current 
discharge-charge  cycle,  are  functions  of 
the  previous  current-time  history: 


RD 

OX 


£■ 


11(10  -  II (k-1 ) 
ILrd(t(S)-t(k-1)) 


-x 


HOP  -  ufo-i) 

ILox(t(S)-t(k-1)) 


M 

[5] 


Eq.  [4]  and  [5]  ,  which  are  similar  to  the 
analytical  expression  of  the  Hoxie-IEEE(l ,2) 
method  for  sizing  lead  acid  batteries,  are 
the  central  algorithms  of  the  model.  They 
are  derived  from  the  superposition  principle 
applied  to  a  linear  diffusion  mechanism  (3)* 


The  limiting  current  functions  ILrd(t)  and 
ILox(t)  are  well  described  by  the  Liebenow 
equation  (4): 

-  Cm  ax 

IL(t)  - - [6] 

t 


where  for  ILrd(t)  and  for  ILox(t). 


The  parameters  are  evaluated  as  follows: 


H12  is  a  redundant  parameter  as  it  may  be 
included  in  the  exp(<AVO)  term.  Thus, 
conveniently,  H12  is  set  equal  to  1. 

At  sufficiently  high  discharge  rates,  eq.[2] 
and  the  first  term  of  the  right-hand  side 
member  of  eq.  [13  can  be  neglected. 

The  experimental  discharge  curves  V(t)  of 
the  Initially  fully  charged  cell,  are 
plotted  for  different  discharge  rates  I. 

VO,  and  R  are  obtained  by  best  fitting 
the  equation: 


V(0)  -  V0-(V<Oln(-I)+RI  [7] 

to  the  experimental  initial  voltage  V(0) 
and  discharge  currents  I. 

Cmax  and  jfz  are  obtained  by  best  fitting 
the  linearized  Liebenow  equation: 

(1/ItL)  -  (1/Cmax)+(iz/Cmax)(1/irtE)  [8] 

to  the  experimental  transition  times  tL  and 
discharge  currents  I. 

$  is  derived  from  the  slope  3  /A  of  the 
cell  voltage  with  respect  to  InOX  according 
to  the  equation: 

v.  VO-(l/cOln(-I)+(0/<OlnOX+RI  [9] 

A  value  of  )/&  constantly  near  0.075  is 
observed. 

At  sufficiently  high  overcharge  rates,  eq.[l] 
and  the  second  term  of  the  right-hand  side 
member  of  eq.  [2]  can  be  neglected. 

The  experimental  steady  state  overcharge 
characteristic  I(V)  of  the  cell  is  plotted. 

UO  is  the  equilibrium  voltage  1.23  V  of  the 
secondary  reaction. 

H2  and  G  are  determined  by  best  fitting  the 
equation: 


Ini  «  lnH2  ♦  C(V-UO)  [lO] 

to  the  experimental  I(V)  data.  A  value  of  G 
constantly  near  10  V-1  is  observed. 

The  remaining  parameters  Hi  2  and  are 
evaluated  tentatively  by  comparing 
calculated  with  experimental  charge  voltages 
during  the  charge  phase  of  a  simple 
discharge-charge  cycle. 

The  system  of  the  two  eq.  [I-]  and  (23  with 
the  condition  [33  is  solved  numerically. 

As  a  surely  convergent  iteration  algorithm, 
the  bisection  method  (5)  is  suggested. 

As  response  to  a  step  current  discharge 
and  charge  cycle  which  may  include  rest 
periods,  the  model  yields  the  profiles  of 
voltage,  primary  and  secondary  currents, 
gassing  rates,  apparent  and  real  state  of 
charge  of  the  cell. 

If  a  cycle  includes  constant  power  W  or 
constant  voltage  V  phases,  these  must  be 
converted  into  a  conveniently  high  number 
of  short  current  steps,  with  the  appropriate 
condition  IxV  «  ®  or  V-  V  imposed  at 
the  end  of  each  step,  so  that  equations  [4] 
and  [53  can  still  be  used. 
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APPLICATION  OF  TRANSMISSION  LINE  ANALYSIS 
TO  POROUS  BATTERY  ELECTRODES 

Digby  D.  Macdonald,  Stephen  J.  Lenhart, 
and  Bruce  G.  Pound 

SRI  International,  Menlo  Park,  CA  94025 

AC  impedance  spectra  of  porous  nickel  battery 
electrodes  were  recorded  periodically  during 
charge/discharge  cycling  in  concentrated  KOH  solution 
at  various  temperatures.  A  transmission  line  model 
(TLM)  (Figures  1  and  2)  was  adopted  to  represent  the 
impedance  of  the  porous  electrodes,  and  various  model 
parameters  were  adjusted  in  a  curve  fitting  routine  to 
reproduce  the  experimental  impedances.  A  typical 
example  of  this  type  of  analysis  is  shown  in  Figures  3 
and  4  in  which  calculated  and  measured  impedance  data 
are  compared  after  cycling  a  rolled  and  bonded 
Ni(OH)2/NiOOH  electrode  twice  to  100%  DOD. 

Degradation  processes  were  deduced  from  changes  in 
model  parameters  with  electrode  cycling  time.  In 
developing  the  TLM,  impedance  spectra  of  planar  (non- 
porous)  electrodes  were  used  to  represent  the  pore 
wall  and  backing  plate  interfacial  impedance.  These 
data  were  measured  over  appropriate  ranges  of 
potentials  and  temperature,  and  an  equivalent  circuit 
model  was  adopted  to  represent  the  planar  electrode 
data.  Cyclic  voltammetry  was  used  to  study  the 
characteristics  of  the  oxygen  evolution  reaction  on 
planar  nickel  electrodes  during  charging,  since  oxygen 
evolution  can  affect  battery  electrode  charge 
efficiency  and  ultimately  electrode  cycle  life  if  the 
overpotential  for  oxygen  evolution  is  sufficiently 
low. 


Transmission  line  modeling  results  suggest  that 
porous  rolled  and  bonded  nickel  electrodes  undergo 
restructuring  during  charge/discharge  cycling  prior  to 
failure.  The  average  pore  length  and  the  number  of 
active  pores  decreases  during  cycling,  while  the 
average  solid  phase  resistivity  increases.  The 
average  solution  phase  resistivity  remains  relatively 
constant  during  cycling,  and  the  total  porous 
electrode  impedance  is  relatively  insensitive  to  the 
solution/backing  plate  interfacial  impedance. 
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Oscar  Lanzi  and  Uziel  Landau 
Dept,  of  Chemical  Engineering 
Case  Western  Reserve  University 
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The  nickel  oxide  electrode  is  used  as  the  positive 
electrode  in  several  different  types  of  batteries  (e.  g..  the 
nickel-cadmium,  nickel— hydrogen,  nickel -iron  and 
nickel— zinc).  It  can  be  reversibly  charged  and  discharged  via 
the  reaction  formally  written  as 

Discharge 

Ni(OH)>  +  OH  ■  p}|ar"  -  NiOOH  +  H20  +  e-  [1] 

Typically,  the  electrode  is  fabricated  by  depositing  the 
hydrated  nickel  oxide  in  a  metallic  nickel  sinter  matrix, 
intended  to  provide  electronic  conduction  (Fig.  1).  The 
electrolyte  is  usually  concentrated  KOH  solution.  It  is 
generally  observed  that  after  many  cycles  this  electrode 
delivers  a  decreased  capacity  on  discharge,  and  this  limits  the 
cycle  life  of  cells  containing  this  electrode  ( 1 ).  This 
degradation  has  been  attributed  to  the  mechanical  stresses 
exerted  on  the  sinter  by  the  above  reaction,  in  which  the 
reduced  and  oxidized  species  have  different  densities.  Those 
stresses  eventually  cause  the  sinter  to  crack  in  fatigue  and 
thereby  produce  isolated  regions  (Fig.  2)  where  the  hydrated 
nickel  oxide  must  carry  the  electronic  current.  The  oxide 
conducts  poorly  in  the  discharged  state,  and  the  resulting 
ohmic  resistance  leads  to  the  formation  of  a  thin  insulating 
film  which  encapsulates  material  that  would  otherwise  be 
available  for  discharge. 

This  effect  can  be  modeled  using  conventional  porous 
electrode  theory  and  the  one— dimensional  model  depicted  in 
Fig.  3.  The  potential  balances  iti  the  solid  and  liquid  phases 
are  as  follows: 


dos  -i'^ffg 
<Iz  ” 


in  which  d  is  the  potential,  z  is  the  coordinate  indicated  in 
Fig.  3.  i’  is  the  current  density  along  the  /—axis,  r  is  the 
tortuosity  and  k  is  the  conductivity.  The  factor  2t_.  where  t 

is  the  transference  number  of  the  anion,  in  the  liquid  phase 
balance  arises  from  concentration  gradients  in  the  binary 
electrolyte.  The  variable  f  represents  the  fraction  of  the 
hydrated  oxide  which  is  not  in  contact  with  the  sinter 
because  of  the  breakage  noted  above.  It  is  shown 
schematically  in  Fig.  4.  As  the  electrode  is  cycled,  the  sinter 
breakage  ran  Ik*  expected  to  increase,  and  this  corresponds  to 
an  increase  in  f  and  hence  to  increased  ohmic  resistance  in  the 
solid  phase. 

The  current,  balance  and  kinetics  are  given  by 


current  collector  and  the  oxid°  in  this  region  discharges  more 
rapidly  than  the  bulk  of  the  electrode.  This  leads  to  the 
formation  of  a  discharged,  insulating  layer  as  shown  in  Fig. 
The  formation  of  this  layer  leads  to  a  premature  rise  in  the 
ohmic  potential  drop  and  hence  to  the  observed  loss  in 
capacity  (Fig.  C). 

The  important  limitation  on  electrode  performance  is 
the  voltage  drop  in  the  hydrated  oxide  phase.  For  a  given 
current  and  charge  distribution  dimensional  analysis  shows 
that 

os(0)-c.s(L)»  |aiavg|L3  !«: 

so  that  a  reduction  of  the  length  L  through  which  electronic 
current  must  penetrate  the  hydrated  oxide  significantly 
lowers  the  voltage  drop  and  allows  for  greater  capacity 
retention.  This  relation  is  independent  of  the  assumed  f  vain* 
or  the  solid  phase  conductivity  as  a  function  of  the  state  of 
charge,  and  it  can  be  applied  directly  to  experimental 
capacity-rate  data  to  calculate  the  effect  of  reducing  L. 

Using  data  from  Ref.  ( 1 )  it  can  be  shown  that  the  capacity 
retention  for  a  cycled  electrode  can  be  increased  by  as  much 
as  10%  at  typical  discharge  rates:  this  is  a  significant 
fraction  of  the  20-30%  overall  capacity  reduction  on  cycling. 
A  significant  increase  in  cycle  life  may  be  realized  by  thus 
reducing  the  solid  phase  resistance.  Fig.  7  depicts  a  possible 
met  hod  for  reducing  L  by  a  factor  of  2  without  changing 
electrode  dimensions  or  volume. 
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i  =  -i0x  exp(  -3t) F / RT )  [5] 


in  which  r  represents  the  volume  fraction,  i  represents  the 
interfacial  current  density  and  x  represents  the  state  of 
charge.  Using  these  equations  it,  is  possible  to  calculate  the 
current  ami  charge  distributions  in  the  electrode.  Typically, 
these  are  nearly  uniform  for  most  of  the  discharge  time,  but. 
as  the  oxide  becomes  discharged  and  less  conductive,  the 
interfacial  current,  hence  the  reaction,  concentrates  near  the 


Sinter 


Fig.  1.  Structure  of  the  nickel  oxide  electrode  containing 

concentrated  KOH  electrolyte,  hydrated  nickel  oxide 
and  metallic  nickel  sinter. 
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Charge  distribution  (as  %  NiOOH)  in  a  nickel  oxide 
electrode  with  L  =  0.09  cm.  f  —  0.06.  rate  — 
and  7<yX  DOD.  drawn  to  scale. 


Fig.2.  Structure  of  cycled  electrode  showing  a  crack  or  gap  in 
the  sinter.  In'the  resulting  isolated  region  olecironir 
current  must  pass  through  the  oxide. 
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Fig.  1  Model  of  the  nickel  oxide  electrode  showing  gaps  in 
the  sinter. 


Fig.  (1.  Potential  drop  in  hydrated  oxide  phase  as  a  function 
of  depth  of  discharge.  I.  =  O.fitl  cm.  f  =  0.0b 
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Fig.  7.  Kffoct  of  introducing  additional  grid  on  electronic 
lUircni  penetration.  With  the  central  grid,  the  solid 
phase  resistance  is  reduced  by  a  factor  of  1. 
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l  ig  1.  Relation  of  f  in  solid  phase  potential  balance  to 
sinter  rupture 
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The  zinc  bromine  battery  system  has  received  considerable 
attention  in  recent  years.  Zinc  bromine  batteries  are  being  con¬ 
sidered  for  load- leveling  applications  in  power  plants  and  for  au¬ 
tomobile  propulsion.  Different  designs  are  being  pursued  by 
various  companies,  including  Energy  Research  Corporation 
(ERC),  Exxon  and  Johnson  Control.  Mathematical  models  have 
been  presented  to  study  different  designs  and  the  various  aspects 
of  the  zinc-bromine  battery.  Evans  and  White  (1)  reviewed 
mathematical  models  for  different  flow  cell  designs  and  flow 
stacks  for  the  zinc  bromine  battery. 

White  et.  al.  (2,  3)  formulated  models  for  the  Exxon  design. 
The  Exxon  design  is  similar  to  the  Gould/ERC  design  except  that 
the  porous  electrode  on  the  bromine  side  of  the  Gould'ERC  de¬ 
sign  is  replaced  by  a  channel  with  a  porous  layer  on  the  channel 
wall.  Mader  and  White  (2)  presented  a  mathematical  model  of  a 
parallel  plate  electrochemical  cell  based  on  the  ZnlBr^  redox 
couple  with  a  separator  and  a  homogeneous  bulk  reaction.  They 
identified  four  independent  variables  for  the  system  and  predicted 
cell  behavior  during  charge  cycle.  The  porous  layer  on  the 
channel  wall  on  the  bromine  side  was  not  included.  Evans  and 
White  (3)  further  improvised  this  model  to  include  the  porous 
layer  on  the  channel  wall,  predictions  on  discharge  cycle  and  the 
round  trip  efficiency  of  the  cell.  The  model  by  Evans  and  White 
(3)  doesn't  consider  convective  transport  through  the  porous 
layer  and  hence  applicability  of  the  model  is  rather  restricted  to 
cases  where  the  thickness  of  the  porous  layer  is  small  as  com¬ 
pared  to  the  channel  width. 

In  this  work,  a  model  will  be  presented  for  the  Gould/Encrgy 
Research  Corporation  design  and  will  be  used  to  analyze  the 
performance  of  the  entire  cell. 


MODEL  DEVELOPMENT 

Figure  1  shows  the  Gould/ERC  design  of  the  flow  cell.  It 
consists  of  a  flow-through  porous  electrode  on  the  bromine  side, 
a  microporous  separator  and  a  planar  electrode  on  the  zinc  side. 
An  electrolyte  comprising  of  bromine,  sodium  bromide  and  zinc 
bromide  flows  through  the  cell.  During  charging  of  the  battery 
the  energy  is  stored  in  the  form  of  elcctrodcpositcd  zinc  which  is 
subsequently  dissolved.  The  cunent  is  in  the  direction  perpen¬ 
dicular  to  the  direction  of  the  fluid  flow.  The  concentration  of  the 
various  species  and  the  potential  vary  in  both  the  axial  and  the 
normal  direction.  There  is  no  significant  variation  in  the  third 
dimension. 

Assumptions:  The  aqueous  electrolyte  is  pumped  to  each  side 
of  the  flow  cell  from  separate  tanks.  The  flow  rates  are  adjusted 
so  that  there  is  no  convective  transfer  through  the  separator.  This 
is  achieved  by  having  the  pressure  drop  pei  unit  length  on  both 
sides  of  the  separator  equal.  The  electrolyte  flows  through  the 
porous  electrode  at  constant  velocity  (plug  flow)  and  there  is 
laminar  flow  in  the  zinc  side  channel.  The  aspect  ratio  is  small 
enough  to  neglect  axial  diffusion  and  axial  migration.  The  charge 
transfer  reactions  are  characterized  by  Butlcr-Volmcr  kinetics.  It 
is  also  assumed  that  the  mobility  of  the  ionic  species  follows  the 
Nemst-Einstein  equation.  It  is  assumed  that  there  is  low  con¬ 
version  per  pass  so  that  the  onc-stcp  model  (2)  can  be  used. 


The  model  is  presented  for  a  charge  cycle  and  the  reactions 
that  occur  during  the  charge  cycle  are  : 

Br '  -*■  1/2  Br2  +  e~  (at  anode)  (i) 

Zrt3*  +  e~  — *  1/2  Zn  (at  cathode)  (//) 

1/2  Br2  +  e~  -*  Br~  (at  cathode)  (///) 

The  tribromide  complexation  reaction  occurs  throughout  the  flow 
cell  and  the  bromine,  bromide  and  tribromide  are  in  equilibrium 
through  out  the  cell. 

Br~  +  Br2  Br2  (/v) 

Model  :  The  governing  equations  for  the  flow  channel  and  the 
separator  are  the  steady  state  species  balances  and  the 
electroneutrality  equation.  The  governing  equation  for  the 
porous  electrode  arc  the  steady  state  species  balances  the 
electroneutrality  equation  and  the  equilibrium  relation  for 
tribromidc  complexation.  A  pseudo-homogeneous  production 
term  is  considered  for  the  heterogeneous  charge  transfer  reaction. 

Method  of  Solution  :  The  coupled  ordinary  differential  equations 
are  solved  using  Newman’s  technique  (4).  An  accuracy  of  0.01% 
is  obtained  within  successive  iterations. 
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Figure  1.  Gould/ERC  design  with  a  flow 
through  porous  electrode. 
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Introduction 

The  alkaline  zinc  electrode  has  long  been  considered  for  use  in 
high-performance  secondary  batteries  proposed  for  various  portable- 
power  applications.  In  practice,  however,  the  electrode  has  been  found 
to  fail  after  100-300  cycles  due  to  significant  capacity  loss.  This  failure 
is  attributed  to  the  redistribution  of  active  matenai  over  the  surface  of  the 
Zn  electrode  (shape  change),  although  in  some  cases  dendrite  shotting 
and  passivation  of  the  electrode  may  also  be  problems  |1].  A  major  con¬ 
tributing  factor  to  the  rate  of  shape  change  is  the  high  solubility  of  the 
discharge  product.  Zn(OH)42'  (zincate)  ton,  in  the  alkaline  electrolyte. 
Models  have  been  proposed  to  explain  shape  change  [2,31.  but  the  forces 
driving  this  phenomenon  remain  uncertain. 

Zinc  Electrode  Chemistry 

The  oxidation/reduction  reaction  at  the  zinc  electrode  proceeds  by 
the  followin^  two  steps: 

Zn  +  40H"  =  Zn(OH)2"  +  2e'  ( 1 ) 

Zn(OH)2-  =  ZnO  +  20H"  +  HjO  (2) 

The  first  reaction  is  the  overall  electrochemical  reaction,  which  produces 
a  soluble  discharge  product(7.incate).  Reaction  2  is  a  chemical  precipita¬ 
tion  (or  dissolution)  reaction  that  occurs  when  the  KOH  solution 
becomes  supcrsaturated(or  undersaturated)  with  zincatc  ion.  Since  the 
electrochemical  reaction  proceeds  through  the  soluble  zincatc  species, 
the  rate  of  precipitation  and  dissolution  of  ZnO  plays  an  important  role  in 
determining  electrode  performance. 

The  high  solubility  of  zincate  ion  in  the  electrolyte  is  a  major  factor 
in  the  shape  change  phenomenon.  If  there  are  significant  concentration 
gradients  during  a  particular  half  cycle,  or  if  reaction  rates  differ  between 
charge  and  discharge,  then  the  zincate  species  is  free  to  migrate  around 
the  cell.  Even  if  these  arc  very  small  differences,  over  the  course  of  a 
hundred  cycles  or  more,  there  can  be  significant  Zn  material  redistribu¬ 
tion  over  the  electrode. 

Mathematical  Model  of  the  Zn/Ni()OH  Cell 

A  description  of  the  model,  the  governing  equations,  and  prelim¬ 
inary  results  have  been  presented  previously  [4].  Since  that  lime,  the 
equations  have  been  modified  resulting  in  the  elimination  of  both  the 
matrix  and  solution  currents  using  Ohm’s  Law  in  both  matrix  and  solu¬ 
tion  phases.  In  addition,  the  model  was  extended  into  the  reservoir 
region  so  that  its  effect  on  processes  at  the  top  edge  of  the  electrode 
could  be  determined. 

The  model  equations  were  solved  using  various  values  of  the  physi¬ 
cal  parameters,  such  as  diffusion  coefficients,  exchange  current  densities, 
conductivities,  and  the  dissolution/precipitation  rale  constant  for  equa¬ 
tion  2.  The  purpose  was  to  determine  which  of  these  parameters  arc 
most  important  in  promoting  shape  change  in  secondary  zinc  electrodes. 
In  addition,  the  model  equations  were  solved  for  various  concentrations 
of  KOH  electrolytes  (usually  from  15-30  wi%),  as  well  as  for  KOH  elec¬ 
trolytes  containing  additives  such  as  KF.  The  computations  were  carried 
out  over  many  cycles  to  test  the  ability  of  the  model  to  predict  the  dif¬ 
ferent  rates  and  extent  of  shape  change  which  have  been  measured  (5|. 

Results  and  Discussion 

Figure  1  shows  the  calculated  ionic  concentrations  of  hydroxide 
and  zincate  species  during  one  cycle  for  both  the  zinc  and  nickel  oxide 
electrode  compartments.  These  data  represent  a  point  midway  between 
the  top  and  bottom  of  of  each  of  the  electrodes.  From  the  curves,  it  is 
evident  that  there  is  rapid  electrolyte  movement  between  the  two  elec¬ 
trode  compartments  (the  concentration  differences  between  them  arc 
very  small),  expected  for  a  cell  that  employs  a  microporous  separator. 


During  discharge,  it  can  be  seen  that  the  concentration  of  zincate  ion 
builds  to  very  high  levels,  until  precipitation  occurs.  These  concentra¬ 
tions  also  show  good  agreement  with  some  concentration  measurements 
using  microrcferencc  electrodes  in  an  operating  Zn/NiOOH  cell  [6]. 

The  model  equations  were  also  solved  for  different  values  of  the 
prccipitation/dissolution  rule  constant  1*  found  that  a  very  narrow 
range  of  values  of  this  parameter  causes  large  changes  in  the  zincate  ion 
concentration.  The  hydroxide  ion  concentrauon  was  found  to  remain 
relatively  constant  over  this  same  range  of  this  parameter. 

Conclusions 

The  model  equations  have  shown  the  ability  to  predict  concentra¬ 
tions  over  one  cycle.  The  ability  to  predict  the  rale  and  extent  of  shape 
change  in  experimental  cells  for  different  of  physical  parameters  is  very 
important  in  determining  the  major  driving  forces  that  control  shape 
change 
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Figure  I.  The  concentrations  of  K;Zn(OH)4  and  KOH  during  one  cycle  ot 
operation.  The  curves  are:  ■  KOH.  Zn  electrode  compartment  □  KOH, 
NiOOH  electrode  compartment  •  KjZn(OH)4.  Zn  electrode  compartment.  O 
KjZn(OH)4.  NiOOH  electrode  compartment 
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MATHEMATICAL  MODEL  OF  THE 
SECONDARY  CURRENT  DISTRIBUTION  MECHANISM 
FOR  Zn  MATERIAL  REDISTRIBUTION 

M.J.  Isaacson,  F.R.  McLarnon  and  E.J.  Cairns 
Applied  Science  Division 
Lawrence  Berkeley  Laboratory 
Berkeley,  CA  94720 


Introduction 

Two  mechanisms  have  been  proposed  for  material  redistribu- 
tion  in  secondary  Zn/ZnO  cells:  the  electro-osmotic  flow  mechan¬ 
ism  (1),  and  the  secondary  current  distribution  mechanism  (2). 
Choi  et.al.(l)  developed  a  mathematical  model  of  the  electro- 
osmotic  flow  mechanism.  However  a  quantitative  treatment  of  the 
secondary  current  distribution  mechanism  has  not  appeared  in  the 
literatu.c.  The  purpose  of  this  work  was  to  develop  a  two- 
dimensional  mode*  of  the  Zn/ZnO  porous  electrode  and  use  it  to 
mathematically  investigate  the  secondary  current  distribution 
mechanism  Ft  was  not  our  purpose  to  show  which  of  the  mechan¬ 
isms  is  dominant. 

Reactions 

Zn  is  oxidized  during  discharge,  and  Zn(OH)^"2  is  reduced  dur¬ 
ing  charge: 


Zn  +  40H~  =  Zn(OH)J-  +  2e~  ( 1 ) 

Zn(OH)J~  precipitates  as  ZnO  in  supersaturated  solutions,  and 
ZnO  dissolves  in  undersaturated  solutions: 

ZnO  +  20H-  +  H20  =  Zn(OH)J”  (2) 

The  electrochemical  and  chemical  reaction  rate  constants  for  reac¬ 
tions  (I)  and  (2)  are  not  accurately  known.  It  is  known  that  the 
precipitation  of  ZnO  from  supersaturated  Zn(OH)2-  proceeds  very 
slowly  until  a  critical  concentration  of  about  three  times  the  equili¬ 
brium  concentration  is  reached  After  the  critical  concentration  is 
reached  the  reaction  proceeds  much  faster. 

Model  Cell 

The  model  cell  is  shown  in  Fig.  1.  It  consists  of  the  porous 
Zn/ZnO  electrode,  an  electrolyte  reservoir,  and  the  separator  The 
counter  electrode  was  not  included  in  the  problem  domain,  and  is 
therefore  drawn  with  dashed  lines.  The  Zn/ZnO  electrode  has  30% 
KOH  electrolyte  (before  addition  of  ZnO)  saturated  with  ZnO 
inside  of  the  pores.  The  separator  reduces  the  effective 
conductivity  and  ionic  diffusivities  but  does  not  selectively  influence 
the  transport  properties  of  individual  ions. 

Equations 

The  model  cell  was  described  mathematically  with  the  equa¬ 
tions  shown  in  Appendix  A  Material  balances  equations  for  KOI1 
and  K2Zn(OH)4  included  diffusion,  migration,  and  source  terms  for 
reactions  (1)  and  (2),  hut  neglected  bulk  fluid  convection  Elec¬ 
trode  kinetics  were  represented  by  the  Butler- Volmer  equations 
Current  flow  in  the  electrolyte  was  described  by  Ohm's  Law 
Ohmic  drops  in  the  electrode  matrix  were  assumed  to  be  negligible. 

Results  and  Discussion 

Fig  2  compares  the  calculated  Zn/ZnO  porous  electrode 
potential  with  selected  experimental  data.  The  simulation  accu¬ 
rately  predicts  the  qualitative  features  of  the  charge/discharge 
curve.  The  potential  decreases  quickly  during  the  first  part  of  the 
charge  and  then  reaches  a  steady-state  value.  During  the  first 
open-circuit  period  the  potential  increases  to  within  a  millivolt  of 
t1,  vrift.nal  open-  ircuit  potential.  During  the  discharge  the  poten¬ 
tial  initially  increases,  reaches  a  maximum  and  then  decreases 


The  decrease  in  the  potential  results  from  the  increase  in  the  pre¬ 
cipitation  rate  constant  after  the  Zn(OH)2-  stability  limit  is 
exceeded.  After  the  end  of  the  discharge  the  electrode  potential 
decreases  to  a  value  close  to  that  of  the  original  open-circuit. 

Fig.  3  shows  calculated  Zn  distribution  profiles  at  the  end  of 
one  cycle.  The  active  material  has  redistributed  from  the  middle 
of  the  electrode  toward  the  edge  of  the  electrode,  and  from  the 
back  face  of  the  electrode  toward  the  front  face  of  the  electrode. 

Conclusions 

A  mathematical  model  of  the  secondary  current  distribution 
mechanism  of  Zn  material  redistribution  has  been  developed  Cal¬ 
culated  electrode  potentials  are  in  good  qualitative  agreement  with 
experimental  data.  The  model  shows  redistribution  of  active 
material  from  the  center  of  the  electrode  ‘~w<>rd  the  edge  of  the 
electrode. 
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Appendix  A 


Mass  Balances  (KOH  and  K2Zn(OH)4) 
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INTRODUCTION 

The  application  of  Li/Mn02  batteries  in  implantable  medical 
devices  includes  high  current  pulses  superimposed  on  a  low 
background  cut  rent.  We  have  observed  that  the  cell  voltage 
may  "drop  by  several  hundred  millivolts  during  a  pulse  (in 
addition  to  iR  drop),  and  the  voltage  recovery  of  Li/Mn02 
cells  is  known  to  be  slow  (1-3).  In  order  to  predict  how  a 
battery  will  perform  during  a  high  current  pulse  the  polariza¬ 
tion  and  relaxation  characteristics  must  be  well  understood. 
The  g'vtl  of  this  work  is  to  model  the  time-dependent  behavior 
of  l.i/MnO:  batteries  on  open  circuit  and  under  load,  and 
eventually  to  utiuerstand  what  processes  give  rise  to  the 
observed  behavior. 

EXPERIMENTAL 

The  cells  used  in  this  study  consist  of  a  central  llat  anode 
sandwiched  between  two  cathode  pellets  in  a  case-positive 
design.  The  pellets  are  a  composite  of  MnG2  (heat-treated 
electrolytic),  Shawinigan  black  carbon,  and  teflon.  Nine  such 
cells  were  discharged  to  various  depths  of  discharge  ranging 
from  6  to  67Cc  at  a  constant  current  load  of  0.17  mA/cnt-,  then 
relaxed  on  open  circuit  for  2-3  months.  The  cells  were  then 
returned  to  the  same  load  for  two  days,  then  again  relaxed  on 
open  circuit.  The  voltage  was  monitored  at  a  frequency  of  10 
liz  immediately  after  the  current  was  switched  and  with 
decreasing  frequency  afterwards. 

In  the  modeling,*  the  parameters  were  refined  by  non-linear 
regression  using  the  Marquardl  (4)  algorithm  incorporated  into 
Statgraphies  (5). 

RESULTS  AND  DISCUSSION 

Even  after  80  days  on  open  circuit  the  cell  voltages  continued 
to  increase.  The  data  were  found  to  fit  the  function  shown  in 
cq.  1,  which  yields  an  extrapolated  open  circuit  voltage  (OCV). 

I  .O-W-T-  y. (i) 


The  OCV  and  i  (current)  were  included  as  constants,  and  R.  Aj 
and*;  were  refined  parameters.  A  typical  plot  of  observed  and 
calculated  voltage  versus  time  appears  in  Figure  3.  The 
calculated  values  of  R  were  consistently  2-6  ..  higher  than 
those  determined  hv  complex  impedance  just  before  discharge 
began,  indicating  either  a  systematic  difference  in  the  two 
measurement  methods  or  an  additonal  polarization  that  is  ton 
fast  to  be  observed  (see  Figure  4). 

The  open  circuit  voltage  declines  throughout  the  range 
6-b7Cf  of  cell  capacity  at  an  average  rate  of  -4.4  mV/O.  The 
slope  is  not  uniform  lint  increases  after  about  40','  depth  ot 
discharge.  The  magnitude  of  each  pre-exponential  term  (Aj\) 
defines  the  amount  of  polarization  that  occurs  in  a  given  time 
regime,  as  determined  by  the  corresponding  time  constant  (»j). 
The  calculated  values  and  physical  interpretations  of  these 
parameters  will  be  discussed. 

CONCLUSIONS 

The  time-dependent  voltage  behavior  of  Li/MtUF  cells  on 
constant  current  load  or  open  circuit  can  lie  modeled  and 
excellent  tits  are  achieved.  The  function  consists  of  a  sum  of 
exponential  terms  subtracted  from  the  open  circuit  voltage. 
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A  total  of  15  parameters  (OCV,  Aj,  i  =  1-7)  were  required 
to  fit  the  data.  A  plot  of  calculated  open  circuit  voltage  versus 
depth  of  discharge  appears  in  Figure  1,  and  a  typical  fitted 
model  appears  in  Figure  2  All  models  fit  with  R-squared  > 
UW. 

The  voltage  data  on  load  were  first  corrected  for  the  drop 
in  open  circuit  voltage  for  the  capacity  range  over  which  the 
cell  was  discharged  (about  5%  of  stoichiometric  capacity).  Hie 
data  were  then  fitted  by  the  function  shown  in  eq.  2. 


i  < t )  =  o(  t  -  tu¬ 


rn 
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Figure  l.  Plot  of  calculated  OCV  vs.  %  of  total  cell  stoichio¬ 
metric  capacity. 


Figure  2.  Plot  of  observed  (squares)  and  calculated  (solid  line) 
OCV  vs.  time. 
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Figure  3.  Plot  of  observed  (squares)  and  calculated  (solid  line) 
load  voltage  vs.  time. 


Figure  4.  Comparison  of  calculated  (squares)  cell  resistance 
and  resistance  measured  by  complex  impedance  (  *  ). 


Abstract  No.  4 

A  MATHEMATICAL  MODEL  OF  A  LITHIUM/THIONYL 
CHLORIDE  PRIMARY  CELL 

T.  I.  Evans,  T.  V.  Nguyen,  and  R.  E.  White 

Department  of  Chemical  Engineering 
Texas  A&M  University 
College  Station,  Texas  77843 

A  one-dimensional  mathematical  model  for  the  lithium/ 
thionyl  chloride  primary  cell  has  been  developed  to  investigate 
methods  of  improving  its  performance  and  safety.  The  model 
includes  many  of  the  components  of  a  typical  lithium/ thionyl 
chloride  cell  such  as  the  porous  lithium  chloride  film  which 
forms  on  the  lithium  anode  surface.  The  governing  equa¬ 
tions  are  formulated  from  fundamental  conservation  laws  using 
porous  electrode  theory  and  concentrated  solution  theory.  The 
model  is  used  to  predict  one-dimensional,  time  dependent  pro¬ 
files  of  concentration,  porosity,  current,  and  potential  as  well 
as  cell  temperature  and  voltage.  When  a  certain  discharge  rate 
is  required,  the  model  can  be  used  to  determine  the  design  cri¬ 
teria  and  operating  variables  which  yield  high  cell  capacities. 

Tsaur  and  Pollard  (1,  2,  3)  have  presented  a  similar  one¬ 
dimensional  model  of  the  Li/SOCIa  cell.  However,  in  their 
model  development  they  assume  that  the  reservoir  is  a  well 
mixed  solution  of  constant  concentration,  which  may  not  be  a 
valid  assumption  as  shown  by  Gu  zt  al.  (4).  For  the  reaction 
controlled  conditions  predicted  here,  this  assumption  seems  to 
be  a  reasonable  one.  Also,  they  do  not  treat  species  transport 
in  the  LiCl  film  in  their  model. 

The  independent  adjustable  parameters,  determined  from 
the  mod  ’  development,  are  the  porous  electrode  thickness, 
the  initial  porosity  of  the  porous  electrode,  the  thickness  of 
the  electrolyte  reservoir,  the  thickness  of  the  separator,  the 
porosity  of  the  separator,  the  LiCl  film  thickness,  the  LiCl  film 
porosity,  the  initial  electrolyte  concentration,  the  heat  trans¬ 
fer  coefficient,  the  current  density,  and  the  temperature  of  the 
surroundings.  For  the  discharge  rates  and  design  conditions 
studied,  the  model  predictions  show  that  cell  performance  is 
controlled  primarily  by  the  thionyl  chloride  reduction  in  the 
porous  carbon  cat), ode.  Thus,  the  porous  electrode  thickness, 
initial  porosity  of  the  cathode,  and  the  initial  electrolyte  con¬ 
centration  are  the  design  criteria  which  most  affect  cell  perfor¬ 
mance.  Also,  the  LiCl  film  porosity  can  influence  cell  perfor¬ 
mance;  porosities  beyond  0.1  seem  to  have  little  effect  on  cell 
lifetime,  voltage,  or  temperature,  however,  below  a  porosity 
of  0.1,  cell  voltage  begins  to  decrease  due  to  the  greater  hin¬ 
drance  of  species  transport  in  the  film.  These  results  show  that 
it  is  advantageous  to  maintain  low  temperature  storage  (room 
•ernperature)  so  that  the  film  does  not  become  too  compact. 
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A  THERMAL  ANALYSIS  OF  A  SPIRALLY  WOUND  BATTERY 
USING  A  SIMPLE  MATHEMATICAL  MODEL 

T.  I.  Evans  and  R.  E.  White 

Department  of  Chemical  Engineering 
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Many  battery  systems  produce  heat  as  they  are  discharged 
due  to  the  exothermic  nature  of  the  electrochemical  reactions 
occurring.  This  heat,  if  not  conducted  out  of  the  cell,  can 
increase  temperatures  to  dangerous  levels.  In  spirally  con¬ 
structed  batteries,  heat  fiow  in  the  radial  direction  is  inhib¬ 
ited  due  to  regions  of  low  thermal  conductivity,  such  as  the 
separator  between  electrodes.  It  has  been  questioned  whether 
or  not  the  heat  transfer  is  improved  in  spiral  designs  by  heat 
conduction  out  the  spiral  path  along  those  regions  of  highest 
thermal  conductivity.  This  path  offers  lower  resistance  to  heat 
flow,  however,  a  much  greater  distance  must  be  traversed  as 
opposed  to  the  more  direct  radial  path.  A  two-dimensional 
thermal  model  for  spirally  wound  batteries  has  been  developed 
to  investigate  this  question.  The  model  predictions  show  that 
conduction  of  heat  out  the  spiral  path  in  a  spirally  wound 
lithium/thionyl  chloride  (Li/SOCl2)  cell,  during  normal  op¬ 
eration,  reduces  cell  temperatures  but  does  not  substantially 
reduce  the  temperature  drop  in  the  cell.  However,  when  hot 
spots  are  present  in  the  cell  conduction  out  the  spiral  is  sub¬ 
stantial  and  the  temperature  drop  in  the  cell  is  reduced  signif¬ 
icantly. 

Previous  workers  (1,  2)  have  presented  thermal  mod¬ 
els  for  battery  systems.  Several  models  (3-7)  have  been 
presented  which  specifically  address  the  thermal  behavior  of 
Li/SOCl2  cells.  All  these  models  either  assume  uniform  cell 
temperature,  which  changes  only  with  time,  or  treat  the  cell 
interior  as  one  pseudohomogeneous  region  having  effective  av¬ 
erage  thermal  properties.  These  models  cannot  be  used  to  in¬ 
vestigate  the  effects  of  the  arrangement  of  the  cell  components 
on  the  temperature  distribution  in  the  cell. 

The  governing  equation  of  the  mode!  is  the  energy  balance. 
Heat  generated  by  polarization  and  heat  generated  due  to  the 
entropy  change  of  the  current  producing  reactions  arc  included 
in  the  balance.  To  simulate  thermal  runaway,  an  additional 
term  is  included  which  represents  additional  heating  caused 
by,  perhaps,  a  cell  defect  and/or  exothermic  chemical  reactions. 
This  heat  source  is  assumed  to  be  localized  causing  a  hot  spot 
in  the  cell.  This  approach  to  simulating  thermal  runaway  was 
used  by  Szpak  et  al.  (4).  Convective  and  insulated  boundary 
conditions  are  used  and  the  equations  are  solved  using  a 
finite  element  code  called  TOPAZ2D  (8).  The  finite  element 
mesh  is  generated  using  a  preprocessor  to  TOPAZ2D  called 
MAZE  (9).  The  model  is  used  to  estimate  two-dimensional 
temperature  profiles  within  a  spirally  wound  Li/SOCl2  D- 
size  cell.  Simplified  one- dimensional  models  have  been  used  to 
predict  best  and  worst  temperature  profiles. 

The  two-dimensional  model  and  one-dimensional  approx¬ 
imations  have  been  used  to  understand  better  the  thermal  be¬ 
havior  of  the  spirally  wound  Li/SOCl2  battery.  Comparison 
of  model  predictions  with  experimental  data  support  two  con¬ 
tentions.  The  heat  generation  rate  seems  to  be  greatest  at  the 
center  of  the  cell  and  diminishes  towards  the  exterior  of  the 
cell.  Also,  thermal  conductivities  seem  to  decrease  as  the  ceil 
discharges.  This  could  be  due  to  the  increasing  volume  oc¬ 
cupied  by  cell  gases  as  the  discharge  proceeds.  Two  thermal 
runaway  situations  were  investigated  using  the  model  based  on 


the  theory  that  localized  hot  spots  initiate  thermal  runaway. 
The  effectiveness  of  the  spiral  design  in  conducting  heat  out  of 
the  cell  is  dependent  upon  where  these  hot  spots  are  located 
in  the  cell.  If  hot  spots  are  in  contact  with  those  regions  of 
the  cell  having  relatively  high  thermal  conductivities  then  the 
spiral  design  serves  to  improve  significantly  heat  dissipation. 
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BEHAVIOR  OF  PULSE  BATTERIES 


M.L.  Daroux,  B.D.  Cahan,  J.P.  Dlscenza  and  E.B.  Yeager 


The  Chemistry  Department  and  the  Case  Center 
for  Electrochemical  Sciences, 

Case  Western  Reserve  University, 
Cleveland,  Ohio,  44106 


Very  high  current  discharge  in  physically  large 
battery  systems  can  be  significantly  limited  by 
geometric  and  physical  factors  that  are  not  usually 
taken  into  account  in  the  design  of  conventional 
batteries.  For  example.  Lander  and  Nelson  [1]  showed 
that  even  under  short  circuit  conditions  the  discharge 
of  large  (7000  Ah  capacity)  Pb-acid  cells  was  limited 
by  a  combination  of  internal  and  load  impedance  to 
rise  times  on  the  order  of  10  to  100  milliseconds.  The 
work  described  here  is  an  attempt  to  combine 
electrochemical  and  transmission  line  concepts  to 
provide  a  theoretical  framework  that  can  be  used  to 
identify  the  critical  factors  in  the  design  of  high 
power  pulse  batteries. 

In  a  previous  paper  [2J,  we  have  shown  for  the 
example  of  semi - inf inite  parallel  plate  (stripline) 
geometry  that,  no  matter  how  favorable  the 
electrochemical  properties  of  the  interface,  at 
sufficiently  short  times  the  impedance  is  limited  by 
geometric  and  physical  factors.  We  have  now  extended 
the  modelling  to  predict  the  transient  response  to 
current  or  voltage  pulses,  and  to  take  into  account 
the  finite  length  of  practical  cells.  This  permits 
these  models  to  be  applied  on  longer  time  scales  where 
current  can  be  drawn  from  the  whole  length  of  the 
battery . 

Figure  1  shows  an  example  of  the  impedance  of  a 
stripline  cell  calculated  using  the  previously 
described  [2]  infinite  model.  Figure  2  shows  the 
calculated  impedance  of  the  same  cell  but  of  finite 
length;  that  is  of  length  shorter  than  the  penetration 
length  over  at  least  part  of  the  frequency  range.  For 
the  values  of  the  physical  constants  chosen,  this  cell 
behaves  as  if  it  were  infinitely  long  at  high 
frequencies  and  the  calculated  impedance  is  the  same 
as  that  previously  obtained  using  the  infinite  line 
model.  At  low  frequencies,  the  behavior  collapses  to 
that  of  a  simple  capacitor.  However,  at  intermediate 
frequencies,  where  the  penetration  length  is 
comparable  to  the  line  length,  reflection  effects 
occur.  The  impedance  oscillates  with  small  changes  in 
frequency  as  constructive  or  destructive  Interference 
between  the  pulse  and  its  reflection  from  the  end  of 
the  cell  occurs. 

Figures  3  and  4  show  the  transient  voltage 
response  of  the  same  line  to  a  constant  current  pulse 
of  unit  amplitude.  Figure  3  shows  the  short  time 
response,  which  is  Identical  to  that  of  an  infinite 
line.  At  longer  times  however,  as  shown  in  Fig.  4,  the 
voltage  transient  shows  step- like  increases  resulting 
from  reflection  effects,  as  the  signal  (i,e.  the 
withdrawal  of  charge)  reaches  the  end  of  the  cell.  The 
effect  is  to  increase  the  impedance  or  decrease  the 
output  of  cell. 


This  extended  model  permits  the  output  of  the 
cell  to  be  calculated  together  with  the  length  for 
which  the  cell  will  appear  to  be  infinitely  long  for 
any  given  pulse  duration.  It  may  be  possible  to  use 
reflection  effects  to  tailor  the  shape  of  the  output 
and  avoid  some  of  the  problems  associated  with 
switching  large  curents. 

Further  examples  will  be  given,  together  with 
comparisons  of  predicted  behavior  with  that  found 
experimentally  for  test  cells. 
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EICURE  1  :  Bode  Plots  Showing,  for  an  infinitely  long 
stripline  cell),  a)  log  Z.  b)  9  and  c)'  1  A* 

(Penetration  Depth),  as  a  Function  of  Frequency. 
Calculated  for  pm  (Electrode  Resistivity)  -  J.SxlO  ^ 
n-cm.  pE  (Electrolyte  Resistivity)  -  10  ?  tl-cm.  u 

(Electrode  Spacing)  -  0.1  cm,  W  (Cell  Widths  -  1  0  cm 
cdl  (Interfacial  Capacitance)  -  SO  uF/cm? .  CE  (Cell 
Capacitance)  -  7.1 7x10’ 5  uF/cm? . 

Ls  (Cell  Inductance)  -  1.255x10*^  H/m. 
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FIGURE  3  :  Voltage  Transient  showing  the  response  of 
the  cell  in  Fig.  2  to  a  10  microsecond  current  pulse 
of  unit  amplitude. 


FIGURE  U  :  Voltage  Transient  showing  the  response  of 
the  cell  in  Fig.  2  to  a  100  microsecond  current  pulse 
of  unit  amplitude. 
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MODEL  FOR  LEAKAGE  CURRENT 
IN  A  BIPOLAR  STACK  WITH 
SEPARATE  ELECTRODE  LOOPS 

M.  Z.  Yang,  H.  Wu  and  J.  Robert  Seim  an 
Department  of  Chemical  Engineering 
Illinois  Institute  of  Technology 
Chicago,  IL  60616 

Introduction 

Several  models  predicting  leakage  current  in  a  bipolar 
battery  stack  has  been  presented  in  recent  years^.  The 
present  work  extends  this  by  applying  current  balance  and 
potential  balance  equations  to  a  stark  of  r»U«?  with  sepa¬ 
rators  and  with  separate,  possibly  asymmetric,  electrolyte 
circulation  loops  for  positive  and  negative  electrodes.  It 
treats  the  separate  electrolyte  loops  and  manifolds,  as  well 
as  membrane  or  separator  as  resistance  elements  in  an 
electric  circuit  analog.  This  results  in  a  set  of  linear  dif¬ 
ference  equations  with  constant  coefficients.  Difference 
calculus  is  then  applied  to  solve  the  coefficients.  Leakage 
currents  in  stacks  made  up  of  different  numbers  of  cells 
are  predicted  and  the  effect  of  each  resistance  component 
on  stack  performance  is  investigated. 

Results  and  Discussion 

A  systematic  study  was  made  of  the  effect  of  varying 
each  resistance  component  in  the  network.  The  effect  of 
varying  the  number  of  cells  was  also  investigated.  In  or¬ 
der  to  compare  on  a  common  basis,  the  leakage  currents, 
manifold  currents,  and  battery  currents  were  calculated 
for  a  standard  case  (Table  1).  The  cell  potential  V0 ,  and 
the  output  load  current.  Il,  were  kept  constant.  The  to¬ 
tal  internal  resistance  /?,.  defined  as  the  sum  of  membrane 
resistance  and  electrolyte  resistances,  was  constrained  ac¬ 
cording  to 

Rt  <  Vo/Il , 

i.e.,  the  current  produced  in  each  cell  was  always  greater 
than  the  load  current. 

The  power  efficiency,  defined  as  the  ratio  of  power 
applied  to  the  load  between  the  positive  and  negative  ter¬ 
minals  of  the  battery  stack  to  the  total  power  generated 
by  all  the  cells  within,  is  calculated  according  to 

<  =  (A  V-hWV.-'E'i) 

where  ?  is  the  current  flowing  through  the  voltage  source, 
and  AV'  is  the  potential  difference  between  battery  ter¬ 
minals.  The  distribution  profiles  of  the  leakage  current, 
battery  current  and  the  manifold  current  are  similar  in 
the  calculations,  therefore  in  the  following  discussion,  we 
compare  the  changes  in  the  maximum  leakage  current  and 
in  power  efficiency. 

(1)  Number  of  cells 

As  shown  in  Fig  1.  the  leakage  current  increases  as 
the  number  of  cells  N  increases,  but  flattens  out  beyond 
25  cells.  The  efficiency,  on  the  other  hand,  decreases  as 
N  increases.  Note  that  in  these  calculations  the  load  cur¬ 
rent  is  kept  constant.  Thus,  as  N  increases,  the  current 
generated  in  the  cells  has  to  leak  to  the  manifold  to  main¬ 
tain  a  constant  current  output.  Consequently,  although 


the  battery  voltage  increases,  the  efficiency  still  decreases 
with  increasing  N. 

(2)  Total  internal  resistance 

The  effect  of  the  total  internal  resistance  on  battery 
performance  is  shown  in  Fig  2.  If  the  total  resistance 
is  kept  constant,  asymmetry  of  the  electrolyte  resistances 
does  not  have  much  effect  on  the  current  distribution  even 
though  the  ratio  of  catholyte  to  anolvte  resistance  may 
vary  from  1/3  to  4,  and  the  separator  resistance  from  zero 
to  80%  of  the  total  resistance.  On  the  other  hand,  if 
the  total  resistance  increases,  the  leakage  current  and  the 
power  efficiency  both  decrease,  as  shown  in  Fig  2.  The 
decrease  of  leakage  current  is  a  result  of  Ohm’s  law:  as 
the  total  resistance  is  increased,  the  current  produced  in 
each  cell  by  a  constant  voltage  source  is  less,  consequently, 
less  current  is  leaked  to  the  manifolds,  when  a  constant 
current  output  is  maintained.  The  efficiency  decreases 
because  more  power  is  consumed  to  overcome  the  internal 
resistance. 

(S)  Manifold  resistances  and  lateral  electrolyte  resistance 
As  shown  in  Fig.  3.  variation  of  manifold  resistances 
affects  only  the  compartment  to  which  the  manifold  is 
connected,  i.e.  cathodic  currents  are  affected  only  by  the 
cathodic  manifold  resistance,  but  not  by  the  anodic  man¬ 
ifold  resistance.  The  anodic  leakage  current,  on  the  other 
hand,  decreases  sharply  near  the  symmetry  point  (the  in¬ 
tersection  point  of  the  two  curves  in  Fig  3.  where  anodic 
and  cathodic  manifold  resistances  are  equal),  and  tends 
toward  a  constant  value. 

The  effect  of  lateral  electrolyte  resistance  is  very  sim¬ 
ilar  to  that  of  manifold  resistance:  it  affects  only  the  cur¬ 
rent  in  the  compartment  whose  manifold  resistance  is  be¬ 
ing  varied,  and  the  change  of  leakage  current  approaches 
a  constant  as  the  resistance  value  increases. 

Conclusion 

•  Application  of  difference  calculus  leads  to  a  method 
of  calculating  leakage  currents  in  a  bipolar  battery 
stack  that  is  very  efficient  compared  to  the  matrix 
method,  t.e.,  solving  N  by  N  simultaneous  equations. 

•  The  most  sensitive  component  in  the  cell  is  the  inter¬ 
nal  resistance  in  the  direction  of  the  battery  current. 

•  Lateral  electrolyte  resistance  and  manifold  resistance 
have  some  effect  on  the  leakage  current,  but  only  on 
the  current  to  their  own  compartments.  This  effect 
is  much  weaker  than  that  of  total  internal  resistance. 
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Ratio  to  Standard  Case  5-  3  =  Ratio  to  Standard  Case 


Table  1.  Standard  parameters  used  in  the  illustration. 


Ra  -  1000ft 
/?„  =  nt2  =  0.5ft 
Rma  =  10ft 
Vo  =  1.5  V 
.V  =  20 


Rc  =  1000ft 
n,  =  ift 
Rmc  =  10ft 
II  =  0.5  Amp 


Figure  3:  Effect  of  variation  of  anodic  manifold  resistance 
on  the  maximum  leakage  currents  and  efficiency  in  a  bipolar 
battery  stack,  normalized  with  respect  to  the  standard  case. 

:  Cathodic  maximum  leakage  current, — :  maximum  of 
anodic  leakage  current  and  battery  efficiency. 


e  1 :  Effect  of  number  of  cells  on  the  maximum  leakage 
it  and  power  efficiency  in  a  bipolar  stack,  normalized 
respect  to  the  standard  case. 


Total  Resistance  (n) 

Figure  2:  Effect  of  total  resistance  on  maximum  leakage 
current  and  power  efficiency  in  a  bipolar  battery  stack,  nor 
mali/ed  with  respect  to  the  standard  case. 


Efficiency  Ratio  to  Standard  Case 
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Modeling  of  Chlorine  Gas-Diffusion  Electrodes 
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Model 

A  mathematical  model  of  a  chlorine  gas 
diffusion  electrode  has  been  formulated  and 
solved.  The  model  consists  of  charge  balances 
in  the  electrolyte  and  solid  phases  of  the 
electrode,  an  electrolyte  mass  balance,  and  a 
mass  balance  on  gas  phase  chlorine: 


7  •  i,  +  7  •  i,  ■  0 
7  ■  i,  -  -  aj 

aj 


aj 


Appropriate  equations  are  used  to  express  the 
mass  and  charge  fluxes. 


lt  •  -  *»tt 


1*  ■  *  7  ‘ 


m  !' 

7  nr,  I. r,  nc. 


'nfti-  e.  M* 

- C  7  u,  ♦  -  ♦  C.V. 

rRT  C,  Z.r 
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The  notation  used  here  is  the  same  as  that 
used  by  Newman  (1,  2).  Finally,  an  equation 
relating  transfer  current  density  to  potential 
and  solution  phase  concentrations  is  needed.  A 
thin  film  transport  model  and  Volmer- 
Heyrovsky  kinetic  model  (3)  were  used.  The 
equations  were  formulated  and  solved  using  the 
BAND  technique  (2). 

The  effect  of  fluctuating  holdup  (volume 
fraction  of  liquid  within  the  gas-diffusion 
electrode  of  solution  in  the  electrode)  was 
also  studied  numerically.  This  phenomena  can 
be  caused  by  a  fluctuating  gas  pressure,  or  by 
slowly  sparging  gas  through  the  electrode. 
The  liquid  holdup  decreases  as  the  qas  volume 
increases  in  the  electrode.  When  a  gas  bubble 
escapes  the  pore  liquid  flows  into  the  pore. 
This  decreases  concentration  gradients  and 
concentration  polarization  in  the  electrode. 

An  overall  liquid  phase  mass  balance  in 
the  porous  electrode  is 


dt 


where  v  is  the  electrolyte  velocity,  is  the 
solution  holdup  in  the  electrode,  and  L  is  the 
electrode  thickness.  The  electrolyte  concen¬ 


tration  and  solution  velocity  can  be  divided 
into  steady  and  transient  parts 

V»V+V'  c  ■  C  +  o' 

If  these  definitions  are  used  in  the  flux 
equation,  and  the  flux  equation  is  time- 
averaged,  the  following  equation  results 


dc  _ 

it! 

—  -  c'v' 

+  - 

dx 

z.r 

The  time  average  velocity  is  assumed  to  be 
zero.  The  correlation  c'v'  needs  to  be 
modeled  in  order  to  close  the  equations.  This 
was  done  by  assuming  that  the  holdup  and 
concentration  were  sinus  >idal  functions  and 
were  90  degrees  out  of  phase,  which  is 
equivalent  to  assuming  that  the  velocity  and 
concentration  fluctuations  were  correlated. 

cj  -  i'  »in(«t)  c'  *  c '  cos («t) 

The  equation  for  holdup  can  be  differentiated 
to  give  the  velocity,  and  the  product  of 
velocity  and  concentration  integrated  over  the 
period  2rr/j>  to  give 

_  c'c'wL 

c'v'  „  - - 

2 

An  expression  for  c '  is  still  needed.  This 
was  modeled  by  assuming  that  1)  c'  is 
proportional  to  the  distance  from  the 
electrode/bulk  solution  interface,  since  c' 
must  be  zero  at  that  location,  and  that  2)  c' 
is  proportional  to  the  time  averaged 
concentration  gradient,  since  if  there  is  no 
concentration  gradient  then  there  is  no 
accumulation  of  electrolyte  due  to  convection. 
The  final  expression  for  the  flux  is 

(  *c  «L  \  dc  it! 

N.  -  -  r  _]  D - (X  -  L)  —  +  - 

\  2  )  dx  z_ F 

This  model  describing  how  holdup  fluctuations 
influence  the  concentration  within  a  gas- 
diffusion  electrode  is  similar  in  many  ways  to 
the  mixing  length  model  that  is  often  used  to 
describe  turbulent  flow. 
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Effects  of  Gas  Bubbles  on  the  Polarization  Behaviour  of 
Porous  Flow  Through  Electrodes.  Formulation  of 
the  Problem. 


(x)  =  ai(x)/v 


(4) 


Badr  G.  Ateya  and  Bahgat  E.  El-Anadouli 

Chemistry  Department,  Faculty  of  Science, 
Cairo  University,  Cairo,  Egypt. 


The  evolution  of  gases  at  planar  electrodes  has 
significant  effects  on  the  rate  and  mechanism  of  mass 
transfer  [1,2],  on  the  electrolyte  resistance  and  current 
distribution  at  the  electrode  surface  [3*6]  and  on  the 
hydrodynamic  conditions  near  the  electrode  surface.  Nume¬ 
rous  experimental  measurements  and  several  empirical 
and  mathematical  treatments  of  these  effects  have  been 
reported  in  the  literature.  The  corresponding  measure¬ 
ments  and  analyses  at  porous  electrodes,  although  equally 
important,  are  clearly  lacking.  There  are  many  systems 
where  gas-electrolyte  mixtures  exist  within  porous  electro¬ 
des  the  evolving  gas  may  result  from  the  main  react¬ 
ion  or  from  a  (parasitic)  side  reaction  [7,8]. 

We  have  measured  the  current-potential  relations 
for  the  hydrogen  evolution  reaction  at  (packed-bed)  porous 
flow-through  electrodes,  and  the  pore  electrolyte  resis¬ 
tance  under  various  conditions  ( 9,10].  Measurements  were 
obtained  on  packed  beds  of  cu  wool,  cu  turnigs  and  Ag 
wool. 


In  this  paper  we  develop  the  equations  of  a  mathe¬ 
matical  model  which  simulates  this  process. 


Model  Equations: 

Consider  a  porous  flow-through  electrode  under  the 
conditions  illustrated  in  Fig.  1.  In  the  experiment,  the 
electrode  is  held  vertically,  and  the  electrolyte  is  fed 
from  the  bottom  (entry)  surface  while  the  top  (exit) 
surface  is  polarized.  This  arrangement  facilitates  the 
rising  and  removal  of  the  generated  gas  hubbies.  The 
porous  matrix  is  assumed  to  be  isotropic  and  highly  condu¬ 
ctive.  The  current  increments  di(x)  generated  in  the 
space  element  dx  is  given  by 

di ( x )  =  iQ  exp  [-oc  (E(x)-Efev)F/P.T]  Sdx  (1) 

where  iQ  is  the  exchange  current  density  and  cc  is  the 
transfer  coefficient  of  the  reaction,  E(x)  is  the  potential 
at  distance  x  and  S  is  the  specific  surface  area  of  the 
porous  medium  in  rm’-j'1,  R ,  F  and  T  have  their  usual 
meaning.  The  current  is  related  to  the  potential  gradient 
using  Ohm's  law 


i(x)  = 


dE(x) 


where  (x)  is  the  pore  electrolyte  resistivity  at  x. 
boundary  conditions  are 


(2) 

The 


x  =  0  i  ( x )  =  0  and  E  =  Eq 

i.e.  dF.(x)/dx  =  0  (3) 


x 


I. 


E 


F. 
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Note  that  the  reaction  rate  is  nonunifoTm\y  distributed 
throughout  the  pores  and  hence  also  the  rate  of  gas 
evolution.  Consequently,  the  gas  void  fraction  and  the 
pore  electrolyte  resistivity  would  vary  with  distance.  For 
a  porous  electrode  operating  on  liquid  reactants  and 
products  in  a  supported  electrolyte,  the  pore  electrolyte 
resistance  is  independent  of  distance,  and  hence  Equations 
1  and  2  can  be  easily  solved  for  this  condition.  In  the 
present  case  the  situation  is  quite  different. 

The  current  i(x)  at  a  distance  x  produces  a  certain 
volume  of  gas  per  second.  Upon  establishing  the  proper 
balance,  it  can  be  shown  that  the  gas  void  fraction  £  (x) 
is  given  by 


where  a  is  a  constant,  a  =  0.127  cm  C’  for  hydrogen 
evolution  at  25°C.  In  order  to  obtain  the  variation  of  /°(x) 
with  distance,  we  use  Equation  4  with  either  the  Maxwell 
or  the  Bruggemann's  equations  (Equation  5  and  6,  respecti¬ 
vely) 


Pm 

P° 

Pm 

P ‘ 


1  ♦  0.5  fr(x) 
1  -  kM 


=  (l  -  IM  ) 


3/2 


(S) 


(6) 


where  P°  is  the  resistivity  of  the  bubble-free  electrolyte. 
The  objective  is  to  solve  the  system  of  simultaneous 
nonlinear  Equation  (l,  2,  4  and  5  (or  6)  )  using  the  bound¬ 
ary  conditions  (Equation  3)  to  obtain  the  dependence  of 
current  i(x),  potential  E(x)  and  pore  electrolyte  resistance 
(x)  on  the  distance  within  the  electrode. 


References: 

1.  L..J.J.  Janssen,  Electrochim.  Acta  23.  81  (1978). 

2.  N.  Ibl,  E.  Adam.  J.  Venczel  and  E.  Schalch.  Chemie- 
Ingr-Tech.  43.  202  (1971). 

3.  Fumio  Hine  and  Koichi  Murakami.  J.  Elect rochem, 
Soc.  127,  292  (1980):  ibid  128.  64  (1981). 

4.  F.  Hine,  M.  Yasuda.  K.  Nakamura  and  T.  Soda,  J. 
Electrochem.  Soc.  1  22.  1  185  (1978). 

5.  G.  Kreysa  and  J.  kulps,  J.  Electrochem.  Soc.  128. 
979  (1981). 

6.  John  Dukovic  and  Charles  W.  Tobias.  J.  Electrochem. 
Soc.  134.  331  (1987). 

7.  A.C.C,  Tseung  and  P.R.  Vassie.  Electrochim.  Acta 
21,  315  (1976). 

8.  B.  G.  Ateva  and  E.S.  Arafat.  J.  Electrochem.  Soc. 
130,  799  (1983). 

9.  B.G.  Ateya.  A. A.  Ateya  and  M.E.  Elshakre.  J.  Appl. 
Electrochem.  14,  357  (1984). 

10.  B.G.  Ateya  and  M.E.  Elshakre,  J.  Appl.  Electrochem. 
14,  367  (1984). 


Counter  electrode 


Fig.  (1):  Illustration  of  the  system. 


r 


Abstract  No.  15 
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Provo.  UT  84602 

Recent  work  has  shown  that  secondary  batteries  may  be 
designed  to  deliver  high  levels  of  pulsed  power  (1.2.3).  Proper 
design  of  such  batteries  would  require  a  bipolar  configuration  and 
the  thinnest  cell  components  possible  The  lead  acid  system  ap¬ 
pears  to  be  the  leading  candidate  among  well-developed  sec¬ 
ondary  aqueous  batteries  fa  high  power  density  application 
Bipolar  lead  acid  batteries  of  100  -  800  kW/kq  have  been  assem¬ 
bled  and  tested.  Current  densities  of  20  A/cm2  are  typical  fa  short 
times  fa  bipolar  lead  acid  stacks  (2).  Other  studies  have  shown 
that  at  least  40  A /cm2  can  be  obtained  tor  longer  times  with  high 
temperature  molten  salt  systems  (3). 

Mathematical  modelling  must  be  used  to  study  high  power 
density  battery  design  to  aid  interpretation  of  experimental  results 
and  to  study  aspects  of  battery  pedamance  which  are  difficult  to 
examine  experimentally.  Math*? mailed!  modelling  can  provide 
•nsight  into  processes  available  in  no  other  way. 

The  lead  acid  battery  was  modelled  using  the  paous 
electrode  modelling  approach  presented  by  Newman  and 
Tiedemann  (4).  The  basic  model  is  similar  to  those  of  Tiedeman 
and  Newman  (5)  and  Sunu  (6).  The  electrodes  were  treated  on  a 
macroscopic  scale,  ignamg  the  miaoscopic  details  of  electrode 
structure  One  key  assumption  was  that  the  electrolyte 
composition  within  a  pae  was  constant.  Mass  balances  and 
concentrated  solution  theay  flux  expressions  (7)  were  used  to 
predict  local  acid  concentrations  in  the  cell.  Ohm's  law  was  used 
!o  describe  the  potential  distribution  in  the  solid  electrode  matrix 
An  analogous  expression  derived  using  concentrated  solution 
theay  was  used  to  calculate  the  solution  potential. 

This  model  successfully  predicts  electrode  behavia  at 
current  densities  namally  encountered  in  batteries.  However,  fa 
high  rate  discharges,  predicted  current  densities  are  almost  in¬ 
variant  during  a  1000  nsec  discharge,  while  experimental  results 
show  a  rapid  <±op  in  current  density  fa  200  nsec,  followed  by  a 
period  of  even  steeper  cun-ent  density  dop.  befae  levelling  off  at 
a  low  value  (see  Figure  1).  Model  predictions  are  high  because  it 
fails  to  account  fa  variations  of  electrolyte  concentrations  within 
electrode  paes  and  because  passivation  by  PbSO*  is  more 
pronounced  than  in  other  lead  acid  battery  designs. 

The  paous  electrode  model  was  modified  to  both  account 
fa  concentration  variations  at  the  solid/electrolyte  interface  within 
electrode  paes  and  improve  the  prediction  of  PbSO^  precipita¬ 
tion  The  electrode  paes  were  assumed  to  be  of  unifam  diameter 
and  axisymmetric  An  equation  desaibing  both  consumption  of 
acid  at  the  pae  wall  and  mass  transfer  of  species  to  the  wall  is 

6Cm</0t  ■  [3/(2Fa)*di2/dx  *  OH+^mt(Cb  * CjntH^pore  U) 

where  C,0(  is  the  interfacial  concentration  of  acid  (mole/cm3),  F  is 
Faraday's  Constant,  a  is  the  electrode  specific  internal  surface 
area  (cm"1).  12  is  the  electrolyte  current  density  (A/cm2).DH+ ts  the 
diffusion  coefficient  of  the  hycTogen  ion  in  sulfuric  acid  (cm2/sec), 
can  be  interpreted  as  a  diffusion  length  fa  the  hyctogen  ion 
(cm).  Cp  is  the  acid  concentration  in  the  bulk  of  the  pae 
mole/cm3),  and  Sp0re  is  the  pae  radius  (cm).  The  first  term  on  the 
nght  side  of  the  equation  represents  the  consumption  of  species 
due  to  chemical  reaction  The  second  term  on  the  right  represents 
mass  transfer  between  the  bulk  of  the  pae  and  the  wall. 

The  precipitation  model  was  derived  in  pan  from  the  wak 
of  Dunning  et  al  (8.9)  and  Tsaur  and  Pollard  (10).  The  two-step 
discharge  reaction  at  the  PbO?  electrode  is 


Pb02  ♦  4H*  ♦  2e"  *  Pb2*  *  2H2O  (2. 

Pb2+  +  HSO*’  *  PbSO«i  ♦  H*  '2 

The  second  step,  the  precipitation  of  lead  sulfate  occurs  only  afte*- 
the  product  of  Pb2+  and  HSO-r  have  exceeded  me  ?niuo,;itv  ixom 
uct.  The  rate  of  precipitation  can  be  expressed  as 

rp  ■  (kjg  +  Cp^G)(CinlCpt)2»  ini  *  Kjp]  4. 

where  rp  is  the  rate  of  PbSO«  precipitation  ( mole/cm -Vsec  is  a 

reaction  rate  constant  fa  nucleation  of  pbSC4  sites 

(cm3/mole/sec).  cp  is  the  volume  fraction  of  precipitate  k.3  .$  me 
reaction  rate  constant  fa  g-owth  cf  PbSC-*  cr/s’.as 

(cm3/mole/$ec).  Cpb2*,jnt  >s  the  interface  concentra’ cr'  o' 
Pb2*(aqi  (mole/cm3),  and  K$p  is  the  solubility  product  of  pb$C4 

These  equations  were  included  in  the  model  Snow-.  - 
Figure  1  is  a  prediction  of  cun-ent  density  using  this  model  Snow'' 
fa  comparison  is  the  prediction  of  the  aiginal  model  and  one  with 
pae  concentration  variations  but  without  precipitation  The  model 
predicts  cell  behavia  fa  the  first  200  p.sec  The  initial  (Top  ir. 
current  density  can  be  attributed  to  acid  depletion  at  me  electrode 
surfaces.  Precipitation  begins  at  around  100  -  200  psec  wh-ch  is 
close  to  what  is  observed  experimentally  There  is  a  decrease  m 
current  density  after  precipation  begins,  although  it  is  not  as  great 
as  is  observed  experimentally  The  model  predictions  indicate 
that  the  steep  decline  in  observed  current  density  can  be  attributed 
to  first  concentration  po/arization  and  then  precipitation 
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Figure  1 .  Predicted  Current  Density  at  0.8  V  Discharge  - 
Comparison  of  Model  Predictions  with  and  without  Precipitation 


Abstract  No.  16 


Inorganic  Cells  rtllizinr.  Solvents  Based  on 
Combinations  of  SO2  and  Halogens 

Michael  Binder  and  Sol  Gilman 

Power  Sources  Division 
IS  Army  Klectronics  Technology  and 
Devices  laboratory  (LABCOV) 

Fort  Monmouth,  NJ  07703-5000 

INTRODUCTION 

This  review  will  be  tinted  to  scientific  advances 
made  in  the  areas  of  lithium  based  cells  with  carbon 
based  cathodes  where  the  totally  inorganic  electrolyte 
is  either  composed  of  combinations  of  sulfur  dioxide 
and  halogens  or  forms  such  mixtures  during  cell 
charge /discharge. 

The  systems  we  will  discuss  include  I.i/SO^  re¬ 
chargeable,  Li/sulfuryl  chloride  primary  and  Li/sul- 
furyl  chloride  rechargeable  technology.  An  excellent 
review  article  by  Schlaikjer  (1)  has  covered  research 
•  » -  1  7C7 .  i  '  rr  ■  ticr’lv  impossible  to 

cover  all  aspects  of  this  growing  field,  we  will 
attempt  to  gather  the  publicly  available,  published 
information  on  this  subject  appearing  since  1983,  and 
include  some  of  our  own  in-house  experiments  in  this 


I.  Li /SO.,  Rechargeable  Cells 

This  technology,  which  has  been  actively  studied 
by  various  research  groups  (2,3),  uses  a  stable ,  highly 
conductive  electrolyte  formed  when  LiAlCl,  reacts  with 
cither  liquid  or  gasseous  S00  to  give  a  liquid  complex/ 
solvate  of  the  form  I.iAlCl^-xSO^ .  Although  the  exact 
discharge  products  and  mechanisms  are  unclear,  it  is 
believed  that  during  the  charge  process,  chlorine  is 
formed.  The  formed  chlorine  can  interact  with  SO-  and 
either  form  sulfuryl  chloride  or  other  conplexed 
species.  Deliberate  addition  of  halogens  (4)  or  sul- 
furyl  chloride  (3)  to  the  electrolyte  lias  met  with 
some  success  and  has  been  shown  to  improve  conduc¬ 
tivity,  raise  load  voltages  and  improve  safety.  Cell 
performance  is  also  a  strong  function  of  the  type  of 
carbon  black  used  to  make  the  cathode  (3).  Because  of 
the  iiigh  chlorine  concentration,  chlorine  resistant 
separators  such  as  Tefzel  have  been  used. 

II.  I.I/Sf^C^  Primary  Cells 

This  technology  has  been  actively  investigated  as 
a  safe,  low  pressure  alternative  to  the  Li/thionvl 
chloride  battery  system  since  in  discharge  of  sulfuryl 
chloride  cells,  no  sulfur  is  formed.  The  lack  of  sul¬ 
fur  formed  implies  less  of  a  chance  for  thermal  run¬ 
aways  under  abuse  conditions.  The  preferred  electro¬ 
lyte  salt  is  LiAlCl^,  although  LiB.^Cl^j  and  LiOaCl, 

(6)  have  shown  desirable  characteristics  in  terms  of 
storage  capabilities.  Use  of  halogens  or  interhalo¬ 
gens  (7)  has  been  shown  to  improve  cell  performance, 
safetv  and  storage  capacity.  The  choice  of  carbon 
black  for  use  in  the  cathode  also  strongly  affects 
cell  performance  and  storage  capability  (6). 

III.  LI/SO2CI2  Rechargeable 

This  technology  has  very  recently  been  con¬ 
sidered  as  .1  limited  cycle,  high  rate  battery  for  ap¬ 
plications  where  a  single  battery  must  function  in 
primary  as  well  as  rechargeable  operations  (8).  In 
this  celt  as  well,  the  salt  used  is  T.IAICI4.  Molecu¬ 
lar  chlorine  formed  during  the  charge  cycle  reacts 
with  the  discharge  products  to  regenerate  the  starting 
materials.  Cvcling  ‘studies  indicate  that  the  lithium 
electrode  cycles  well  in  this  electrolyte.  Coll 


cycling  losses  are  probably  due  to  cathode  failure  and 
separator  degradation.  I'se  of  separators  that  are 
resistant  to  chlorine  is  essential  to  the  success  of 
this  system. 

ACKNOWLEDGEMENTS 

We  wish  to  thank  William  L.  Wade,  Jr.,  Charles  W. 
Walker ,  Jr.  and  Dr.  Donald  Foster  of  Power  Sources 
Division,  Fort  Monmouth,  NJ  for  many  informative  and 
valuable  discussions. 

REFERENCES 

1.  C.  R.  Schlaikjer,  in  "Lithium  Batteries",  edited 
by  J.  P.  Cabano,  Academic  Press,  NY,  1983- 

2.  A.  S'.  Dey,  H.  C.  Kuo,  P.  Keister  and  M.  Kallianidis , 
Extended  Abstracts  of  the  Electrochem.  Soc . , 
Honolulu.  Hawaii,  October  1S-23,  1987. 

3.  R.  J.  Mammone,  S.  Gilman  and  .  Binder,  Proceedings 
of  the  32nd  Power  Sources  Symposium,  Cherry  Hill 
NV,  June  9-12,  19°*. 

4.  R.  J.  Mammone,  M.  Binder,  P.  Keister  and 

M.  Kallianidis ,  J .  Power  Sources  21,  U3  (1987). 

5.  R.  J.  Mammone  and  M.  Binder,  in  "Practical  Lithium 
Batteries",  edited  by  C.  R.  Schlaikjer,  19SS. 


6.  K.  A.  Klinedinst  and  R.  A.  Carv,  J.  Electrochem. 
Soc.,  134,  1884  (1987). 


7.  P.  W.  Krehl  and  H.  A.  (forming,  IEEE  Meeting, 

Halifax,  Nova  scoria,  September  28  -  October  1,  1987. 


8.  P.  H.  Smith,  A.  A.  Papanicolaou ,  M.  H.  Wilson,  and 
S.  D.  James,  Extended  Abstracts  of  the  Fall  PCS 
Meeting,  San  Diego,  CA,  October  19-24,  1986. 


2  J 


Abstract  No.  17 


ELECTROREDUCTION  OF  S0C12 : 

THE  Pt/LiCl  -  A1C13  -  S0C12  SYSTEM 
P.  Mosier  Boss*,  $.  Szpak* 

J.  J.  Sroith^  and  J.  R.  Nowak"* 

*Naval  Ocean  Systems  Center,  San  Diego,  CA  92152-5000 
2Dept.  of  Energy,  Washington,  DC  20545 
^Office  of  Naval  Research,  Arlington,  VA  22217-5000 


An  optimization  procedure,  applied  to  the 
Li/SOClz  battery  and  based  on  sound  models,  falls 
short  of  expectations.  The  reason  for  this  defi¬ 
ciency  is  attributed  to  a  poor  understanding  of  the 
elementary  procesres  occurring  within  the  porous 
structures  of  practical  electrodes(l ,2) . 

In  the  previous  work(3,4),  we  examined  the 
behavior  and  properties  of  a  somewhat  simpler  system: 
Pt/AlCli  -  SOCU  and  concluded  that  the  electrore¬ 
duction  of  SOCI2  in  practical  electrolytes  follows 
a  complex  path  of  the  cec-type.  Moreover,  the  sur¬ 
face  processes  are  modified  by  the  selection  of  the 
electrode  material.  The  introduction  of  an  addi¬ 
tional  component,  eg  LiCl,  is  expected  to  complicate 
further  the  already  complex  reaction  path.  The 
increase  in  the  complexity  is  demonstrated  by  using 
vhe  ir-reflectance  spectroscopy  and  linear  scan 
voltammetry  as  the  investigative  tools. 

IR-REFLECTANCE  SPECTROSCOPY 

The  effect  of  LiCl  addition  on  the  composition 
of  the  Pt/AlCl ?  -  SOCU  interphase  both,  at  rest  and 
cathodically  polarized,  was  examined  by  the  ir-re¬ 
flectance  spectroscopy.  Representative  results, 
shown  in  Figs,  la  and  lb,  indicate  an  active  parti¬ 
cipation  of  the  Li+ions  in  the  electroreduction 
process.  This  participation  involves  establishment 
of  new  equilibria  between  the  various  species 
present  at  the  elctrode  surface  as  well  as  the 
corrective  adjustment  of  elementary  surface  pro¬ 
cesses.  A  preliminary  analysis  suggests  that,  in 
acidic  solutions,  the  SOC  I:  in  the  onium  ion, 
Cl?.Al[(<~0SCl2 )r ]+  is  reduced  first  while  in  the 
L 7 ( <— OSC 1 2  )**  it  occurs  at  1  >  -  1.2  V.  It  is  note¬ 
worthy  that  prior  to  its  reduction,  Li ( <— 0SC1  ?. )?* 
accumulates  in  the  interphase  region.  Furthermore, 
we  note  the  formation  of  Li (SO? , SOC 1 2 )+  species  at 
'i  -1.2  V,  ie,  at  potentials  associated  with  the 
reduction  of  onium  ions. 

LINEAR  SCAN  VOLTAMMETRY 

The  tendency  of  SOCI?  to  solvate  ions  and  form 
complexes,  as  well  as  the  reactivity  of  the  reaction 
product  with  other  components  of  practical  electro¬ 
lytes,  suggests  coupling  of  the  charge  transfer  to 
other  participating  processes.  The  shape  of  the  lsv 
curve  is  governed  by  the  mass  balance  equation, 

Eq.(l) 


rium  constant,  and 
transfer  cd,  for  N 
tion  processes,  is 

J(O.t)  = 


v  is  the  scan  rate.  The  charge 
electroactive  species  and  M  adsorp- 
given  by  an  expression,  Eq.(2) 


r'r.0.l£lMli 


(2) 


where  r  denotes  the  maximum  surface  concentration  and 
0  is  the  surface  coverage. 

As  illustrated  in  Fig.  2,  the  addition  of  LiCl 
changes  substantially  the  shape  of  the  lsv  curve  for 
otherwise  identical  experimental  conditions.  The 
dominant  effects  are:  (i)  current  densities  are 
larger  in  the  presence  of  LiCl,  and  (ii)  the  adsorp¬ 
tion  relationships  are  modified,  especially  at  poten¬ 
tials  less  than  -  100mV(4). 
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where  the  source  function  f(<,')  depends  on  two 
parameters,  viz.  the  thprmodynamic  parameter, 

.  =  Kc°,  and  the  kinetic  parameter,  1=  0 k  Here, 

c°  is  the  concentration  of  electroactivP%p£cies,  k 
is  the  appropriate  rate  constant,  K  is  the  equilib- 


1 


(B) 


dashed  line:  Pt/3.0  M  A1C1? 
electrode  area:  0.3  cnr 
sweep  rate:  30  mV  s 


g.  1 


The  940  -  1400  cm'1  spectral  region  of  the 
metal /electrolyte  interphase 

4_.Pt/4.0  M  AlClj  -  S0C12  interphase 
E— Pt/1.0  MLiCl  -  4.0  M  A1C1 3  '  S0C1; 
interphase 

Overpotentials  indicated 
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The  capacity  and  high  rate  performance 
limitations  of  lithium  thlonyl  chloride  cells  have 
been  Investigated  by  a  number  of  authors.  The 
cathode  collector  has  been  the  electrode  studied  most 
often.  0eyO»2)  Investigated  the  performance  of 
cells  made  using  a  variety  of  carbon  blacks  and 
graphite.  These  materials  had  a  wide  range  of  BET 
surface  areas  and  particle  sizes.  He  concluded  that 
the  cell  capacity  was  not  greatly  affected  by 
particle  size  or  BET  surface  area  although  large 
particle  size  graphite  gave  poor  performance.  These 
conclusions  were  supported  by  the  work  by 
Chrlstopulos  anu  oilman^).  They  found  that  the 
coulomblc  capacity  was  proportional  to  the  pore 
volume  of  the  collector  rather  than  the  BET  surface 
area  of  the  carbon  used.  However,  more  recent  data 
by  Gilman  and  Wade(*)  found  Improved  performance  in 
LI-SO2CI2  cells  made  with  collectors  containing 
high  surface  area  carbons.  These  observations  were 
supported  by  the  work  of  K11ned1nst(5,6) t  ohsakl  et 
al(')  and  further  work  by  Gilman  and 
coworkersl^) .  Electrodes  made  with  the  highest 
surface  area  carbons  gave  the  highest  discharge 
capacity.  The  discharge  capacity  has  also  been 
correlated  with  the  D8P  absorbtlon  number  for  most 
carbons(5);  however,  since  the  electrode  porosity 
was  found  to  be  proportional  to  the  OBP  absorption, 
the  porosity  rather  than  this  carbon  absorption 
property  may  be  controlling  the  electrode  capacity 
The  most  surprising  exception  Is  Shawlnlgan  acetylene 
black  which  has  high  DBP  absorption,  but 
comparatl vely  low  porosity  and  low  capacity  at  high 
current  density. (5)  The  use  of  additives  and 
catalysts,  chemical  pretreatment  and  binders  other 
than  PTFE  have  also  been  reported  to  Improve  capacity. 

In  order  to  correlate  and  validate  these 
approaches  to  rate  Improvement,  we  have  evaluated 


examples  of  the  types  of  electrodes  mentioned  above 
as  well  as  some  novel  carbon  materials.  These 
studies  have  been  carried  out  In  a  flooded  test 
cell.  The  polarizations  and  capacities  of  cells  made 
with  these  materials  have  been  measured  as  a  function 
of  the  current  density.  This  data  has  been 
correlated  with  the  details  of  the  electrode  pore 
structure. 

A  limited  electrolyte  cell  which  Is  Intended  to 
simulate  the  conditions  found  In  a  practical  cell  has 
been  designed  and  built.  This  cell  Is  equipped  with 
a  moveable  reference  electrode  which  can  be 
accurately  positioned  to  determine  the  potential  drop 
as  a  function  of  position  within  the  collector. 

These  results  should  allow  optimization  of  the  high 
rate  discharge  capacity  In  practical  sealed  cells. 

This  work  w::  suppcrted  In  part  by  the  Office  of 
Naval  Research. 
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The  Voltage  Delay  in  Li/SOCL  Cells 
Influence  ol  Films  at  the  Lithium  Metal  Surface 
G.  Eichmger  and  VI.  Gabriel 
Sonnenschein  Lithium  GmbH,  Industriestrafle 
D-f>c*7G  Riidingen,  W-Germanv 

I.  Introduction 

since  lithium  is  thermodynamically  not  stable  against  all 
,if  the  commonly  used  electrolyte  solutions  in  lithium 
cells,  a  film  formation  occurs  it  lithium  gets  m  contact 
with  the  electrolyte.  This  is  due  to  a  spontaneous  reaction 
between  the  two  components.  The  so  lorrried  film  protects 
lithium  from  further  reaction,  but  on  the  other  hand  cau¬ 
ses  a  so  called  voltage  delay  which  is  especially  pronoun¬ 
ced  in  Li /NOCI 2  '  ells  if  no  spec  ial  treatments  arc  used. 

The  significance  of  the  voltage  delay  is  considerably  in¬ 
fluenced  by  the  nature  and  morphology  ol  the  him.  It  is 
known  that  lithium  exhibits  very  thin  films  of  reaction 
products  with  the  environmental  gas  atmosphere  due  to  re¬ 
actions  with  oxygen,  carbon  dioxide  and  moisture.  There¬ 
fore*.  it  will  be  an  interesting  task  to  find  out  correla¬ 
tions  between  the  concentration  of  the  original  film  on 
the  lithium  surface  and  the  p.opcrties  of  tin*  film  which  is 
formed  later  on  in  contact  with  the  electrolyte. 

I\v  means  of  I  owner  Transform  Infrared  Spectroscopy  it 
was  attempted  to  determine  the  chemical  species  that  are 
present  on  the  surface  ol  a  fresh  lithium  foil. 

II.  Experiental 

FT-IR  spectra  were  recorded  with  a  Nicole t  5DXO-E  in¬ 
strument.  The  applied  method  is  diffuse  reflection  which 
means  that  the  laser  beam  is  reflected  at  the  lithium  sur¬ 
face  and  that  the  reflected  laser  light  is  detec  ted.  To  get 
spectra  of  reasonable  good  quality  of  the  very  thin  lilms 
on  the  lithium  surface,  normally  500  scans  were  recorded. 
One  si  an  takes  one  second.  ‘Ml  spec  tra  were  recorded  in 
a  dry  room  to  prevent  further  excessive  reaction  >  f  the 
lithium  surface  with  the  surrounding  atmosphere. 

Humidity  in  tin*  drv  room  was  below  2  %  by  volume.  Since 
the  voltage  delay  was  determined  in  technical  bobbin  type 
cells  (sj/c*  1/2  AA  or  AA),  the  surface  of  the  lithium  was 
examined  twice.  First  the*  surface*  of  the  foil  was  checked, 
then  the  (oil  was  swaged  to  the*  inner  wall  of  the  c  an 
(which  is  typical  for  the*  test  cells  th.it  were  used)  and  the 
lithium  sijrlare  was  examined  again,  to  take*  into  account 
changes  of  the  surface  lasers  due  to  this  ii.ee harm  al  pro¬ 
fess.  The  voltage*  delay  u|  I /?  \\  i  fils  Was  de  termined 
by  disc  barging  the  c  «,lh  through  a  rrs.st.M  of  Ohm, 

7  days  alter  filling  the  cell*-.  The*  storage  was  made  at 
room  temperature. 


HI.  Results 

FT-IR  spectra  are  a  good  method  to  get  information  about 
the  chemical  nature  of  the  protective  films  which  are  for¬ 
med  in  lithium  cells  (I).  The  nature  of  those  films  are 
fairly  well  identified  in  the  meantime  (2).  The  IR  method 
is,  however,  even  more  interesting  to  determine  the  nature 
of  the  chemical  reaction  layers  which  are  formed  on 
"pure"  lithium  toil  during  handling  and  storage. 

Furthermore  it  is  possible  by  that  way  to  get  some  more 
information  regarding  the  relative  concentration  of  such 
surface  contaminants  in  dependance  of  e.g.  storage  con¬ 
ditions.  Such  investigations  may  be  used  n>  establish  this 
method  as  a  regular  quality  acceptance  test  lor  incoming 
lithium  which  shall  be  used  lor  lithium  cells. 

The  impurities  which  can  be  identified  as  surface  layers  on 
a  lithium  foil  are  especial l\  LijO.  L^CO^  and  LiOH,  It 
seems  reasonable  to  assume  that  Li?CO^  anc  LiOH  ore 
follow  products  ol  L^O  sin*  e  it  is  well  known  that 
easily  pic  ks  up  CC^  and  moisture,  thus  forming  L^'Oj 
and  LiOH  as  secondary  products.  Obviously  especially  the 
concentration  ot  LijGO^  on  the  suriare  mtU»  cos  the 
LiOl  film  which  is  formed  later  on  at  the  ii  n  surface 
in  contact  with  SCK'^  electrolyte.  There  arc*  some  indica¬ 
tions  that  the  T\H  (transition  minimum  voltage)  is  lower 
if  the  concentration  ot  L^CO^  on  the  surface  of  the 
lithium  foil  is  higher. 

To  get  an  easier  comparison  ot  the  concentrations  of  the 
surface  contaminants,  the  IR  spectra  were  plotted  in  the 
Kubclka  Munk  mode  and  the  heights  of  the  typical  and 
strongest  absorption  bands  of  the  individual  compound., 
wore  compared  for  different  batches.  Values  tor  dr  um 
which  has  been  packed  in  different  cans  are  preset  ted  .r 
the  table.  Furthermore  for  control  purposes  tin*  values  of 
lithium  that  lias  been  already  swaged  into  u  complete  bat¬ 
tery,  including  tan  to  cover  welding,  have  been  determi¬ 
ned.  This  battery  was  completed  but  without  electrolvte 
and  the  tilling  hole  in  the  cover  was  still  open  (diameter 
I  mm),  thus  allowing  penetration  of  the  drv  room  atmos¬ 
phere.  Alter  one  week,  the  cell  was  cut  and  the  lithium 
surface  was  inspected  with  IR.  The  results  showed  that 
even  under  these  storage*  conditions  the  lithium  surface 
has  thicker  virtue  e  lavers  than  at  the  beginning. 
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TABLE:  Absorption  of  lithium  carbonate  and  lithium  oxide 
on  the  lithium  surface 


Kubeika 

Munk  units 

Lithium 

batch  number 

Carbonate  (lithium  foil) 

absorptions  at 

Oxide  (lithium  foil) 

absorptions  at 

1500  cm'1 

880  cm  1 

530  on’1 

680  -  630  cm'1 

380  cm  * 

C  467 

0,00 1 4 

0,0028 

0.0030 

0,0024 

C  497 

0,0026 

0,0042 

0,0046 

0.0028 

0,0025 

C  068 

0,0022 

0.0016 

0.0061 

0.0076 

0,0010 

C  028 

o,oon 

0,0027 

0,0040 

0.001  i 

0.0027 

C  517 

0,0006 

0,0016 

— 

0,0009 

0.0013 

Fift.  1:  F  T-FR  spec  trum  of  a  lithium  metal  surface  Fig.  2:  Spectrum  of  fig.  I  in  Kubeika  Slunk  mode 

with  L>20,  L»2COr  LiOH 
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1.  INTRODUCTION 

Since  the  concept  of  all-solid-state,  lithium- 
based,  batteries  employing  ionical ly-conduct ing 
electrolytes  was  first  discussed  in  1978,  their 
development  has  centred  largely  around  rechargeable 
systems  utilizing  intercalation/insertion  cathodes  and 
poly(ethylene  oxide),  PEO,  electrolytes.  Early  work 
was  predominantly  confined  to  operating  temperatures 
in  the  range  80°C-1A0°C  and  was  aimed  at  applications 
such  as  vehicle  traction  and  load  levelling.  Lower 
temperature  operation  was  also  demonstrated,  but  at 
much  reduced  current  densities. 

Today,  much  more  of  the  full  potential  of  the 
technology  is  becoming  exploitable.  Improved 
performance  at  room  temperature  and  below  has  opened 
up  the  possibility  of  new  applications  especially 
within  the  domestic  consumer  market.  This  has  been 
brought  about  mainly  via  progress  in  polymer 
development . 

2.  POLYMERIC  ELECTROLYTES 

Over  the  last  decade,  there  have  been 
considerable  efforts  to  develop  alternative 
electrolyte  materials  with  higher  ionic  conductivities 
at  lower  temperatures.  A  value  of  10”  ohm-*  cm-1  at 
room  temperature  is  often  seen  as  a  useful  goal.  The 
results  of  such  work,  together  with  the  concepts  which 
underly  it  nave  been  wiaely  discussed  and  will  not  be 
considered  in  detail  here.  Attention  will  be  drawn, 
however  to,  the  validity  of  quoted  ionic 
conductivities  and  to  the  many  other  conditions  which 
need  to  be  met  in  order  to  establish  a  material  as  a 
useful  battery  electrolyte.  These  include  the  use  of 
non-hazardous  materials;  ease  of  thin-film 
fabrication;  chemical,  electrochemical  and  dimensional 
stability  and  low  cost. 

3.  THE  SOLID-STATE  APPROACH 

The  concept  of  an  all-solid-state  cell  employing 
a  solid  electrolyte  offers  the  potential  of  a  system 
which  is  easy  to  fabricate,  rugged,  leakproof  and 
safe.  This  is  made  practically  possible  by  the  use  of 
ionically  conducting  polymers  which  can  be 
manufactured  as,  large  area,  thin  films  and  which 
provide  intimate  contact  with  cell  electrodes.  When 
combined  with  the  advantages  of  a  lithium  or  lithium- 
based  anode  and  a  high  performance  primary  or 
secondary  cathode  material,  this  provides  a  unique  set 
of  system  properties. 

The  most  thoroughly  studied  cell  configuration 
comprises  a  lithium  metal  foil  anode,  a  film  of 
polymer  electrolyte  and  a  composite  cathode 
incorporating  a  suitable  active  material  together  with 
an  electronically  conducting  diluent,  if  required. 
Most  attention  has  been  given  to  secondary  systems 
using  intercalation  (e.g.  TiS2)  or  insertion 
(e.g.  VgOjj)  compounds  as  cathode  materials. 

The  practical  realization  of  the  various  cell 
components  and  the  relative  merits  of  available 
fabrication  technologies  will  be  discussed. 


A.  STATE-OF-THE-ART 

Selected  data  will  be  used  to  illustrate  general 
levels  of  achievement  in  cell  performance. 

With  standard  PEO-based  electrolytes  and  a  range 
of  cathode  materials,  high  initial  material 
utilizations  are  found  at  120°C  at  rates  of  up  to  a 
few  hours.  The  substitution  of  more  highly  conducting 
electrolytes  enables  similar  performance  to  be 
obtained  at  around  room  temperature. 

A  general  phenomenon  in  the  performance  of 
intercalation/insertion  cathode-based  rechargeable 
cells  is  that  of  capacity  decline  with  cycling. 
However,  in  many  cases  the  rate  of  capacity  decline  is 
low,  especially  after  the  first  few  cycles  and  a 
number  of  systems  have  demonstrated  the  ability  to 
maintain  good  utilizations  to  100  deep  discharge 
cycles  or  more. 

A  number  of  scaled-up  experimental  prototypes 
have  been  assembled  since  the  latter  part  of  1985.  At 
Harwell,  individual  cells  with  V^Oj^based  cathodes 
and  capacities  of  up  to  5Ah  have  been  assembled  and 
tested.  The  practical  energy  densities  of  these 
cells,  including  packaging  is  85  Wh/kg  and 
200  Wh/litre.  A  95°C,  lGWh  cell  and  a  room 
temperature,  1  Wh  cell  have  been  described  by  the  IREQ 
Laboratory  in  Canada.  Both  cells  were  of  a  flat-plate 
design  and  constructed  from  double  cathode/central 
anode,  bi-cell,  individual  units.  The  characteristics 
of  these  various  prototypes  show  no  evidence  of 
performance  degradation  when  increasing  scale  by  a 
factor  of  more  than  1000  from  earlier  laboratory  test 
cells. 

At  the  other  end  of  the  dimensional  scale, 
uZtra-thfn  cells  have  also  been  fabricated  and 
successfully  operated. 

Modelling  studies  have  indicated  practical 
operating  energy  densities  in  excess  of  200  Wh/kg  and 
250  Wh/litre,  for  large  battery  modules. 

Thermal  management  has  also  been  addressed  via 
both  experimental  and  theoretical  studies.  Fcall 
temperature  rises  aie  generally  predicted  for 
batteries  operating  at  most  practical  rates. 

5.  APPLICATION'S 

The  al l-solid-sta:e ,  polymer  electrolyte-based, 
battery  concept  is  capable  of  leading  to  a  range  of 
commercial  products.  The  energy  and  power  density 
requirements  of  applications  such  as  electric  vehicle 
traction  can  be  achieved  and,  in  the  form  of  small  and 
lightweight  high  energy  density  power  sources 
operating  at  normal  ambient  temperatures,  it  is  also 
capable  of  addressing  the  needs  of  a  large  and 
ever-growing  domestic  market  in  portable  electronic 
devices.  Electrochemical  performance  will  be 
augmented  by  other  device  characteristics  such  as  the 
ability  to  fabricate  batteries  into  a  variety  of 
shapes  and  sizes,  low  self-discharge  rates  and  the 
inherent  safety  characteristics  of  a  rugged 
solid-state,  leakproof,  construction. 

Since  the  solid-state  concept  is  particularly 
suited  to  applications  where  a  planar  geometry  is 
either  desirable  or  necessary,  this  may  also  lead  to 
the  realization  of  integral,  primary  and  rechargeable, 
solid-state  power  sources  for  electronic  and 
microelectronic  devices. 

Although  currently  estimated  costs  do  not  rule 
out  the  technology  for  any  of  the  applications 
considered  above,  the  application  of  polymer 
electrolyte  solid-state  batteries  is  likely  to  begin 
in  niche  markets.  Once  established  technically,  wider 
application  will  ensue  and,  in  some  cases,  superior 
performance  characteristics  will  allow  for  a  cost 
premium.  In  other  situations  economies  of  scale  will 
reduce  cost  differences.  In  terms  of  battery  size, 
small  cells,  perhaps  of  unconventional  geometry,  will 
emerge  first  with  ongoing  development  and  scale-up. 


ELECTRODE  AND  ELECTROLYTE  MATERIALS  FOR 
POLYMER-BASED  LITHIUM  BATTERIES 


Bruno  Scrosati 

Dipartimento  di  Chimica,  University  of 
Rome/  Italy. 

The  discovery  of  polymeric  materials 
which  are  characterized  by  fast  ionic  trans¬ 
port  (1)  or  by  electrochemical ly  induced  doping 
processes (2)  has  opened  a  new  area  in  lithium 
battery  technology. 

The  availability  of  electrolytes  which  are 
plastic  and  can  be  easily  prepared  in  the  form 
of  a  thin  film#  is  of  extraordinary  importance 
for  the  design  of  new  types  of  batteries  having 
unique  construction  properties,  namely  varia¬ 
ble  geometry,  large  active  area,  flexibility 
of  operation  and  safety(3). 

Accordingly,  the  possibility  of  electro- 
chemically  driving  the  oxidation-reduction 
processes  of  electronically  conducting  poly¬ 
mers,  has  favoured  the  use  of  these  materials 
as  new  types  of  electrodes  in  rechargeable 
lithium  batteries  having  important  specific 
characteristics,  such  as  high  energy  and 
safety. 

The  most  common  polymer  electrolytes  are 
complexes  between  poly (ethylene  oxide) ,PEO, 
and  lithium  salts.  These  electrolytes  are 
currently  used  in  the  development  of  recha¬ 
rgeable  lithium  batteries  (5-8)  based  on 
'conventional'  electrode  materials,  i.e. 
a  lithium  metal  anode  and  an  intercalation 
compound  cathode. 

However,  to  date  relatively  few  studies 
have  been  reported  on  the  characteristics  of 
the  electrode/electrolyte  interfaces,  all  this 
despite  to  the  fact  that  the  definition  of  the 
interfacial  processes  is  most  important  for 
the  effective  evaluation  of  the  battery  perfo¬ 
rmance  . 

Therefore,  in  this  paper  the  kinetics  of 
the  lithium  metal  electrode  and  of  selected 
ir. Lercdi^Lion  electrodes  in  PEU-based  electro¬ 
lytes,  will  be  discussed  on  the  basis  of 
cyclic  voltammetry,  polarization  curves  and 
a.c.  impedance  analysis. 

PFO-based  polymer  electrolytes  require 
a  relatively  high  temperature  of  operation 
(tvpycally  around  100  °C).  This  may  not  be  a 
serious  drawback  if  the  polymer  electrolytes 
are  directed  to  the  development  of  high-rate 
Li  batteries.  However,  a  temperature  of 
operation  above  ambient  may  result  critical 
for  a  successful  application  in  power  sources 
designed  for  the  consumer  electronic  market. 
Since  polymer-based  Li  batteries  appear 
particularly  suitable  for  this  type  of  appli¬ 
cation,  polymer  electrolytes  having  improved 
1 ow- temperature  electrical  properties  would  be 
mostly  welcomed. 


Along  this  line,  we  will  report  here  the 
electrochemical  characteristics  of  a  modified 
polymer  electrolyte  having  an  enhanced  room- 
temperature  conductivity. 

Among  the  various  polymers  which  can  be 
easily  oxidized  and  reduced,  those  based  on 
electrochemically  synthesized  heterocyclic 
compounds,  such  as  polvthiophene,  polypyrrole 
and  derivatives,  appear  to  be  as  the  most  pro¬ 
mising  electrodes  in  lithium  batteries  (9-1 2 ) . 

The  behavior  of  these  polymer  electrodes 
will  be  here  considered  in  terms  of  recharge- 
ability,  energy  content  and  charge  retention. 

Finally,  polymer  electrolytes  and  polymer 
electrodes  can  be  combined  to  form  polymer/ 
polymer,  thin-layer,  lithium  batteries.  The 
characteristics  and  performance  of  this  advan¬ 
ced  type  of  solid-state  power  sources  will 
be  described  and  evaluated. 
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Polymeric  Solid  Electrolytes: 
Microscopic  Models  and  Motion  Mechanisms 
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Although  early  treatments  of  the  motion 
mechanism  in  polymer  solid  electrolytes 
were  based  upon  the  free-volume  concept,  it 
has  become  increasingly  clear  that  the 
simple  free-volume  picture  is  inadequate. 
This  inadequacy  arises  partly  from  the 
nature  of  the  polymer  motions  that  promote 
ion  transport,  and  partly  from  the  strong 
interactions  both  among  the  ions  and  be¬ 
tween  the  ions  and  the  solvating  polymer. 
Early  discussion  in  terms  of  a  modified 
weak  electrolyte  model,  in  which  the  trans¬ 
port  rate  included  a  Boltzmann  prefactor 
describing  the  concentration  of  free 
carriers,  improves  the  picture  somewhat. 
However,  the  high  molar  concentrations 
generally  found  in  these  materials  imply 
the  behavior  to  be  roughly  that  of  a  sol¬ 
vated  molten  salt,  in  which  the  ionic 
coulomb  interactions,  while  not  determining 
the  structure,  are  critical  for  understand¬ 
ing  the  transport. 

Two  important  factors  appear  in  the 
conductivity  expression.  The  first  of 
these  is  a  one-particle  factor,  involving 
the  mobility  of  the  individual  carriers. 

In  this  factor  enter  free-volume  type 
terms,  motion  of  the  polymer  host  and  size 
considerations.  A  second  term  involves 
interionic  interaction;  this  may  or  may 
not  be  representable  in  terms  of  pair 
potentials,  and  is  the  major  complication 
that  extends  beyond  simple  free-volume 
concepts . 

Two  models  are  discussed  to  deal  with 
these  compl x ca c i ons  attendant  upon  the 
conductivity  in  these  materials.  In  the 
dynamic  percolation  picture,  the  ionic 
motion  is  discussed  in  terms  of  a  site 
model,  with  the  hopping  probability  from 
site  to  site  determined  by  dynamical 
motions  of  the  liquid  (dependent  upon  the 
free  volume).  The  percolation  is,  how¬ 
ever,  of  interacting  type;  results  are 
presented  for  interacting  particles  in 
a  dynamic  percolation  context,  and  comments 
are  made  on  transference  numbers  and 
mobilities.  The  second  model  is  full- 
continuum  Langevin  dynamics,  with  inter¬ 
ionic  interactions  included.  The  effective 
potential  acting  between  the  ions  is 
described  by  a  combination  of  macroscopic 
electrostatic  concepts  and  microscopic 
interionic  interactions. 

Results  for  the  conductivity,  tracer 
diffusion,  vibrational  spectra,  transfer¬ 
ence  numbers  and  thermal  dependence  will 
be  presented.  Comparison  with  spectro¬ 
scopic  and  transport  measurements  on  poly¬ 
mer  electrolyte  systems  will  be  presented. 
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POLYPHOSPHAZENE-BASED  SOLID-STATE  SECONDARY 
LITHIUM  BATTERIES 
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EIC  Laboratories,  Inc. 

Norwood,  KA  02062 

INTRODUCTION 

Li-salt  complexes  of  poly|b1s-(methoxyethoxy- 
ethoxide)phosphazenej ,  or  MEEP,  have  LI*  conductivi¬ 
ties  which  are  among  the  highest  known  for  polymer 
electrolytes  (1,2).  Oesnitp  considerable  interest  in 
utilizing  these  electrolytes  in  solid-state  Li  batter¬ 
ies,  reports  of  cell  cycling  performance  with  MEEP- 
based  electrolytes  have  been  rather  limited.  This  is 
partly  due  to  their  dimensional  instability  that, 
unlike  poly(ethylene  oxide)  (PEO)-based  electrolytes, 
prevents  them  from  being  cast  as  free-standing,  thin 
films.  We  have  recently  shown  (3)  that  addition  of 
high  molecular  weight  PEO  enhances  the  dimensional 
stability  of  MEEP-based  electrolytes.  Conductivity 
data  and  cycling  results  of  L1/T1S?  cells  utilizing 
MEEP/PE0-LiC104  mixed  electrolyte  suggested  signifi¬ 
cant  performance  improvements  over  cells  containing 
PEO-based  electrolytes.  We  report  here  our  recent  res¬ 
ults  for  a  series  of  MEEP/PE0-L1X  mixed  electrolytes 
in  which  LiX  is  L1C104,  L1BF4,  LiCF3S03  or  L1AsF6.  In 
addition,  we  demonstrate  the  feasibility  of  utilizing 
pristine  MEEP-L1X  electrolyte  in  rechargeable  Li/Ti$2 
batteries  by  supporting  it  in  a  fiberglass  separator 
matrix. 

EXPERIMENTAL 

MEEP  was  prepared  according  to  the  procedures 
described  by  Allcock  et  al.  (4).  MEEP-LiX  electro¬ 
lytes  were  prepared  by  dissolving  MEEP  and  appropriate 
amounts  of  the  Li-salts  in  acetonitrile.  Mixed  elec¬ 
trolytes  were  prepared  by  dissolving  PEO  (Poly¬ 
sciences,  average  MW  =  5  x  I06),  MEEP  and  the  Li 
salts  in  acetonitrile.  Films  were  cast  on  Teflon 
dishes  and  were  dried  under  vacuum  at  50°C  for  2  days. 

Conductivities  were  measured  by  the  AC  impedance 
technique,  between  100  kHz  and  5  Hz,  with  stainless 
steel  electrodes  using  an  EG&G  PAR  Model  273  impedance 
system.  Sample  films  were  held  between  the  electrodes 
by  compression  springs  and  the  cell  was  housed  inside 
an  0-ring  sealed  glass  tube  having  electrical  leads. 
Conductivity  versus  temperature  measurements  were  per¬ 
formed  inside  a  constant  temperature  chamber.  DSC 
measurements  were  carried  out  with  a  Perkln-Elmer 
model  DSC7  calorimeter. 

L1/T1S?  cells  were  fabricated  by  sandwiching  the 
MEEP. (LiC104)0. ?s  or  the  fiberglass-supported 
MEEP. (LICIO4 )o . 25  electrolyte  between  a  Li  anode, 
pressed  onto  N1  screen,  and  a  T1S?  composite  cathode. 
The  electrode  package  was  held  tight  between  two  steel 
plates  by  compression  springs.  The  glutinous  MEEP 
electrolyte  was  spread  over  one  face  of  the  LI  anode 
and  left  overnight  to  form  a  uniform  layer.  In  the 
other  modification,  a  2  mil  thick  fiberglass  mat 
(porosity  90%)  was  laid  over  the  electrolyte-coated  Li 
anode  and  left  overnight  to  wet.  All  the  cells  were 
prepared  cathode-limited.  Cells  /ere  discharged/ 
charged  galvanostatlcal ly  between  3.0  and  1.6V. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  dlscharge/rharge  performance  of 
a  Li/TlS?  cell  containing  neat  M£EP.(LiC104)o,25 
electrolyte  at  two  different  temperatures.  The  elec¬ 
trolyte  showed  a  tendency  to  flow  out  of  the  cell  on 
holding  the  cell  in  positions  other  than  the  horizon¬ 
tal.  The  cell  shorted  after  a  few  cycles.  It  should  be 
noted  that  several  other  attempts  to  fabricate  neat 
MEEP. (L1C104)o.?b-based  cells  led  to  cell  shorting  in 


the  first  cycle.  Figure  2  shows  the  performance  of  a 
L i /T i S?  cell  containing  the  fiberglass-supported 
MEEP-(LiC104)o. 25  electrolyte  at  room  temperature.  The 
cell  had  a  cathode  area  of  2.0  cm2  and  a  theoretical 
capacity  of  2.3  mAh.  At  0.?  mA,  the  discharge  capa¬ 
city  obtained  was  0.48  mAh,  or  20%  of  the  theoretical 
cathode  capacity.  The  cell  could  be  charged  to 
recover  ^0%  of  the  discharge  capacity  at  half  the 
discharge  rate.  The  reason  for  this  poor  charging 
efficiency  is  being  investigated.  While  the  fiberglass 
matrix  supported-electrolyte  allows  the  use  of  MEEP  in 
practical  cells,  the  high  conductivity  of  the  electro¬ 
lyte  is  somewhat  compromised  by  the  porous  glass  mat¬ 
rix.  We  developed  an  alternate  route  to  utilize  the 
excellent  conducting  properties  of  the  MEEP-electro- 
lyte  by  blending  MEEP  with  PEO  (3). 

During  optimization  studies  of  composition  of 
the  mixed  polymer  electrolytes,  we  found  that  it  was 
not  possible  to  cast  a  morphologically  uniform  film 
from  an  apparently  homogeneous  solution  of  pure  MEEP 
and  PEO  in  ratios  containing  30  or  more  weight  percent 
of  MEEP.  The  films  appeared  nonuniform  and  isolated 
regimes  of  PEO  and  MEEP  coexisted.  There  apparently 
occurs  a  separation  of  phases.  Addition  of  a  Li-salt 
to  this  solution  allowed  casting  of  smooth  and  homoge¬ 
neous  films.  However,  it  appeared  that  above  70  w/o  of 
MEEP,  a  mixture  of  MEEP/PE0/L1X  does  not  form  a 
homogeneous  film.  There  Is  again  separation  of  the 
MEEP  and  the  PEO  domains.  The  optimum  composition  with 
regard  to  conductivity  and  homogeneity  of  the  film 
appeared  to  lie  between  55  and  70  w/o  of  MEEP,  or  cor¬ 
respondingly  between  45  and  30  w/o  of  PEO.  Figure  3 
shows  the  conductivity  versus  temperature  data  of  55 
w/o  MEEP: 45  w/o  PEO  doped  with  different  Li-salts.  The 
Li*  to  oxygen  ratios  for  PEO  and  MEEP  were  1:8  and 
1:4,  respectively.  The  conductivity  data  in  Figure  3 
were  obtained  on  a  second  heating  cycle  from  room  tem¬ 
perature.  The  highest  temperature  studied  was  100°C. 
Below  60®C,  the  values  In  the  first  heating  cycle  were 
about  an  order  of  magnitude  lower  for  L1BF4  and 
L iC IO4 .  Above  this  ten^erature  the  conductivities  on 
the  first  and  the  second  heating  cycle  were  essen¬ 
tially  the  same.  L 1 C 1 04  and  L1BF4  yielded  the  highest 
conductivities.  The  conductivities  of  the  films  con¬ 
taining  LiAsFg  were  the  lowest  among  the  salts 
studied.  DSC  studies  revealed  that  the  melting  of  the 
LiAsF6-complex  occurred  at  a  relatively  high  tempera¬ 
ture  of  112°C.  However,  the  conductivity  of  the  tri- 
flate  film  was  puzzling.  Its  conductivity  showed  only 
monotonous  increase  over  the  temperature  range  of  25 
to  100°C.  A  DSC  trace  of  this  film,  however,  showed  a 
melting  point  peak  of  67°C,  which  is  virtually  the 
same  as  the  melting  point  of  PEO  alone.  The  DSC  and 
x-ray  diffraction  studies  suggest  that  the  observed 
conductivity-temperature  behavior  of  the  various  mixed 
electrolytes  may  be  explained  In  terms  of  crystalline- 
amorphous  phase  transitions  In  these  complexes.  In  the 
first  heating,  the  crystalline  phases  melt  around  65°C 
and  a  substantial  amorphous  phase  is  retained  even 
after  cooling  to  room  temperature.  Consequently,  the 
near-ambient  temperature  conductivity  is  significantly 
higher  following  the  first  heating. 
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Warren,  MI  48090 

Reports  of  high  ionic  conductivity  in 
polyethylene  oxide  (PEO)  +  lithium  salt 
systems  at  temperature  >60  °C  have 
stimulated  interest  in  rechargeable  lithium 
batteries,  using  polymer  electrolytes.  PEO 
polymers  undergo  a  phase  transition  at  60- 
65°C  to  become  amorphous.  Different 
approaches  to  obtaining  an  amorphous 
polymer  and  thereby  improving  the  ionic 
conduction  at  room  temperature  have 
included  polymer  modification  by  a) 
chemical  modification  to  the  polymer  itself 
(1) ,  b)  physical  modification  to  the 
polymer  electrolyte  by  using  addition 
agents  (2) ,  or  c)  the  use  of  entirely  new 
polymeric  materials  (3).  A  new  polymer,  2- 
(2-methoxy- ethoxy- ethoxy)  polyphosphazene 
(MEEP),  was  reported  to  have  lithium  ion 
conductivity  greater  than  comparable 
polymers  based  on  polyethylene  oxide  (4)  at 
ambient  temperature. 

MEEP-salt  complexes  are  elastomeric  and 
readily  undergo  plastic  flow.  This  report 
describes  an  examination  of  the  structure 
of  a  MEEP-Li  salt  complex  with  infrared 
spectroscopy  and  measurements  of  the  A.C. 
impedance.  We  also  present  results  on  the 
effect  of  7-irradiation  on  the  polymer  as  a 
means  of  decreasing  its  plastic  flow 
through  irradiation  crosslinking. 

Two  types  of  experiments  were  performed  on 
the  MEEP  containing  lithium  triflate.  The 
A.C.  impedance  of  the  MEEP  was  measured 
between  two  electrodes  at  different 
temperatures  and  on  samples  before  and 
after  they  were  7-irradiated .  In  the 
second  series  of  experiments,  the  FT-IR 
spectra  were  collected  from  thin  films  of 
MEEP  that  had  been  deposited  on  gold. 

Spectra  were  also  collected  from  these 
samples  after  they  had  been  exposed  to  7- 
i r rad i ation . 


The  FT-IR  spectrum  of  a  thin  film  of  MEEP 
containing  lithium  triflate  is  shown  in 
Fig.  1.  There  is  a  large  relative  intensity 
change  between  the  spectrum  of  these  thin 
films  and  that  of  the  bulk  material.  These 
relative  intensity  changes  for  different 
polarizations  can  be  attributed  to  the 
preferred  orientation  of  the  molecule  on 
the  gold  substrate . 

Figure  2,  which  shows  the  spectra  in  the 
range  900  cm  ^  to  1500  cm  ^  for  both  non- 
irradiated  and  irradiated  MEEP  using  only 
S-polarized  light,  (solid  line  corresponds 
to  the  non-irradiated  sample)  confirms  that 
the  PN  backbone  is  still  parallel  to  the 
substrate  after  irradiation;  however,  the 
CO  and  CC  peaks  show  a  contribution  caused 
by  a  dipole  moment  normal  to  the  substrate . 
This  indicates  an  interaction  of  the 
sidechain  of  one  polymer  molecule  with 
another  polymer  molecule.  Due  to  this 
cross-linking,  a  polymer  with  higher 
viscosity  is  expected. 

In  Fig.  3  are  shown  the  conductivity  data 
vs  1000/T  for  MEEP  samples  that  had  been 
7-irradiated  to  dosages  of  2.8  and  10 
MRads .  Samples  of  MEEP  that  had  been 
irradiated  showed  a  significant  reduction 
in  fluid  flow  at  room  temperature.  Since 
the  IR  study  clearly  showed  evidence  of 
crosslinking  due  to  7-irradiation,  it 
appears  that  such  crosslinking  does  not 
severely  affect  the  conductivity  of  MEEP. 
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A  strategy  for  developing  morphologically  invar¬ 
iant  lithium/solid  polymer  electrolyte  interface  is 
being  investigated  via  the  use  of  lithium  Intercalated 
electrodes.  Emphasis  is  being  placed  upon  the  rutile 
material  LixW02  0.1  <  x  <  1.0.  An  absence  of  shape 
change  at  this  interface  is  expected  to  result  in  both 
long  cycle  life  electrochemical  cells  and  the  simul¬ 
taneous  maintenance  of  small  interelectrode  spacing 
so  that  low  1R  losses  can  be  maintained. 

During  fabrication  of  cells  investigated  here  both 
electrochemical  and  chemical  lithium  intercalation  of 
WO2  was  pursued.  In  the  case  of  larger  WO2  electrodes 
initially  prepared  for  fully  discharged  state 
cells,  electrochemical  intercalation  during  cell 
charge  was  found  to  require  significant  time,  and  the 
reproducible  achievement  of  complete  uniform  inter¬ 
calation  across  the  negative  electrode  became  an 
issue.  Emphasis  was  consequently  placed  upon  cells 
fabricated  using  LixWC>2  electrodes  initially  chem¬ 
ically  intercalated  by  lithium  prior  to  cell  assembly. 
Previous  work^--^  has  demonstrated  direct  lithium 
intercalation  of  metal  dichalcogenides  using  n-BuLi. 
Lithium  activity  in  n-BuLi  is,  however,  insufficient 
to  achieve  lithium  intercalation  of  WO2*.  However, 
recent  work  has  shown  that  WO2  can  be  directly  lithium 
intercalated  upon  immersion  in  lithium  naphthalide^’^. 
HXW(>2  electrodes  prepared  in  this  work  were  inter¬ 
calated  using  lithium  naphthalide  (0.8M)  in  2MeTHF. 
Lithium  intercalation  was  found  to  readily  occur  at 
room  temperature,  being  initially  rapid  and  slowing 
as  bulk  intercalation  within  the  electrode  proceeded. 
For  electrodes  intercalated  in  this  manner,  a  relation¬ 
ship  was  identified  between  the  degree  of  lithium 
intercalation  and  initial  open-circuit  potential  in 
liquid  non-aquejus  electrolyte.  Lithium  ion  conduct¬ 
ing  SPEs  being  investigated  by  us  in  this  program 
include  those  bn sed  upon  poly (ethylene  oxide) 
poly(ethylene  ox  ide) /poly(ethylene  glycol)^,  and  the 
polyphosphazenes^ ,  thereby  permitting  cells  of  the 
general  configuration 

Ll  WO.,/i.t+SPE/TlS. 
x  l  2 

to  be  prepared.  Emphasis,  however,  has  been  placed 
upon  the  poly(ethylene  oxide) /poly (ethylene  glycol) 
SPEs  (PEO/PEG),  where  the  amorphous  lithium  ion  con¬ 
ducting  phase  of  PEO  is  stabilized  by  the  PEG  at  tem¬ 
peratures  close  to  ambient.  Cells  were  prepared  by 
contacting  fully  charged  half-cells  via  a  previously 
cured  PEO/PEG  film  containing  1M  LiCF-jSO^,  followed 
by  a  thermal  excursion  to  80°C  under  vacuum  for  2  hrs. 
so  as  to  achieve  acceptable  contact  at  each  respective 
electrode/SPE  interface.  To  delineate  the  respective 
electrochemical  performance  of  each  electrode,  cells 
were  also  prepared  containing  a  unit  activity  lithium 
reference  electrode  strategically  placed  coaxially  in 
the  counter  electrode  compartment. 

Comparative  electrochemical  performance  of  half 
and  full  SPE  cells  as  a  function  of  fabrication  tech¬ 
nique  and  initial  degree  of  lithium  intercalation, 
will  be  addressed  together  with  their  potential  util¬ 
ity  as  long  cycle  life  galvanic  devices. 
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INTRODUCTION 

Implantable  biomedical  power  sources  have  been  in  use  since 
the  development  of  the  implantable  cardiac  pacemaker  in 
1958  (1 ),  For  many  years  the  pacemaker  was  the  only 
implantable  device  requiring  electrochemical  power  sources, 
and  it  remains  the  largest  implantable  application  today.  The 
past  9  or  1 0  years  has  seen  the  development  and  introduction 
of  several  more  implantable  devices;  among  them  the 
neurostimulator,  the  drug  delivery  system,  and  the  automatic 
defibrillator.  These  devices  have  presented  significant 
challenges  to  battery  developers  because  they  require 
current-delivery  capabilities  far  in  access  of  those  required  by 
the  pacemaker  (2). 

For  the  first  fifteen  or  so  years  of  the  history  of  the  pacemaker 
the  system  of  choice  was  the  zinc/mercunc  oxide  cell.  Even 
though  this  cell  demonstrated  problems  such  as  high 
self-discharge  and  gas  evolution,  it  made  pacemaking 
possible.  In  1972  the  first  lithium-powered  pacemaker  was 
implanted.  Over  the  next  several  years  a  variety  of  different 
lithium  systems  were  used  in  pacemakers.  Among  the  couples 
used  in  pacemakers  were  Li/SOCI2,  Li/Ag2Cr04.  Li/CuS,  Li/ 
l2-Polyvinylpyridine(PVP),  and,  in  more  limited  use, 
Li/Lil(AI203)/  Pbl2,  PbS,  Pb.  Of  these,  only  the  U/I2-PVP  and 
Li/CuS  systems  remain  in  use  in  pacemakers  today. 

CURRENT  IMPLANTABLE  SYSTEMS 

Over  85%  of  all  cardiac  pacemakers  today  employ  the  LI/ 
l2-PVP  system.  This  system  contains  a  cathode/depolarizer 
which  is  a  mixture  of  iodine  and  charge  transfer  complexes  of 
iodine  and  PVP.  The  solid  electrolyte  Lil  is  formed  in  situ  as 
the  cell  is  discharged. 

The  Li/CuS  system,  also  used  ir,  cardiac  pacemakers  today,  is 
a  solid  cathode,  liquid  organic  electrolyte  cell  with  a  two-step 
reaction  which  produces  a  lower  voltage  plateau  near  cell 
depletion,  providing  an  indicator  of  approaching  end  of  life. 

Implantable  drug  delivery  systems  typically  use  soluble 
cathode  technology  because  of  the  high  voltage  requirements 
and  the  milliampere-level  pulse  requirements.  The  Li/SOCIg 
system  and  the  Li/  BCX  system  (BrCI  In  thionyl  chloride)  are  in 
use. 

The  implantable  automatic  defibrillator  requires  a  battery 
which  can  deliver  pulses  on  the  order  of  two  amperes  over  a 
background  current  of  about  25  microamperes.  There  can  be 


no  appreciable  voltage  delay.  For  this  application,  solid 
cathode/liquid  organic  electrolytes  have  proven  to  offer  the 
best  features.  The  Li/  V205  was  the  first  system  to  be  used  in 
an  implantable  defibrillator.  Lithium/  silver  vanadium  oxide 
(Li/Ag2V401 1 )  cells  have  been  developed  and  are  being  used 

in  clinical  evaluations. 

There  are  currently  under  development  several  devices  which 
will  require  secondary  implantable  batteries.  Among  these  are 
the  implantable  gait  assist  device  and  the  left  ventricular  assist 
device.  It  is  likely  that  recent  advances  in  the  development  of 
rechargeable  lithium  cells  will  lead  to  the  availability  of 
rechargeable  lithium  batteries  to  power  these  devices. 

MATERIALS  AND  PROCESSES  CONSIDERATIONS 

The  design  and  construction  of  implantable  batteries  presents 
a  unique  set  of  challenges.  The  obvious  requirements  of 
safety  and  reliability  dictate  that  materials  compatibility 
concerns  be  carefully  considered  and  addressed.  For 
example,  the  use  of  corrosion-resistant  glasses  in  liquid 
organic  electrolyte  systems  is  required  because  of  the 
longevity  requirements  of  implantable  devices.  Redundancies 
need  to  be  engineered  into  the  cell  designs.The  production 
quantities  of  such  batteries  are  rarely  high  enough  to  justify 
automation,  so  attention  to  the  special  problems  associated 
with  hand-type  production  methods  is  required.  A 
comprehensive  system  of  quality  control  and  detailed 
documentation  of  construction  and  inspection  steps  is 
required.  Finally,  methods  must  be  developed  to  predict  and 
verify  long-term  performance  on  the  basis  of  accelerated  tests 
backed  up  by  an  extensive  life-test  program. 

CONCLUSIONS 

Power  sources  for  implantable  devices  have  been  in  use  since 
the  early  1960's.  Lithium  batteries  have  been  used  in 
implantable  devices  since  1972.  The  diverse  nature  of  the 
requirements  of  present  and  future  implantable  devices  has 
led  to  the  development  of  several  kinds  of  implantable  lithium 
primary  batteries.  The  next  generation  of  implantable  devices 
will  likely  require  lithium  secondary  systems  to  meet  their 
requirements.  Methods  have  been  developed  for  the  design, 
manufacturing,  and  testing  of  medical  batteries,  which  have 
generally  demonstrated  a  high  level  of  reliability. 
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Promising  cathode  materials  for  rechargeable  lithium 
electrochemical  cells  include  solid  intercalation  compounds 
such  as  metal  oxides  or  sulfides  and  electroactive,  polymer 
cathode  materials  such  as  polyaniline  or  polypyrrole.  The 
theoretical  values  for  the  specific  energy  of  the  electrode 
couples  maybe  calculated  for  these  two  classes  of  cathodes; 
the  solid  oxide  type  cathodes  exhibit  theoretical  specific 
energies  in  the  range  of  300-1000  Wh/kg,  compared  to 
values  of  about  200-400  Wh/kg  for  the  polymeric  cathode 
materials.  Lithium/polymer  cathode  cells  have  intrinsically 
lower  values  for  specific  energy  because  of  the  low  doping 
level  of  the  polymer  films  and  the  requirement  of  ionic 
doping  associated  with  the  faradaic  reaction.  Further,  slow 
ion  diffusion  within  the  bulk  of  the  polymer  films  results  in 
limitations  on  the  rate  behavior  of  such  cell  systems. 

An  electrochemically-formed  conducting  polymer 
film  of  polypyrrole  (PPy)  has  been  grown  on  an  electrode 
substrate;  when  the  substrate  is  precoated  with  a  film  of 
nitrile  butadiene  rubber  (NBR),  a  highly  enhanced  anion 
doping-undoping  process  results  because  of  the  oriented- 
grmvth  structure.  This  is  illustrated  in  Figure  1  which 
shows  that  the  polypyrrole  cathode  materials  arc  grown  as 
continuous  fibers  or  dendrites  normal  to  the  plane  of  the 
electrode  (Ref  1).  In  order  to  prepare  this  high  surface  area 
electrode  structure,  the  NBR  film  is  solvent  cast  onto  the 
surface  of  the  electrode.  When  this  insulated  electrode  is 
inserted  in  the  electrolyte  solution  (for  example,  LiClOa  in 
acetylnitrile)  Ha  NBR  film  is  partially  dissolved  As 
channels  are  opened  up  due  to  this  dissolution,  the 
electropolymerization  of  the  pyrrole  initiates  at  the  electrode 
surface.  The  polvpyrrole  film  then  deposits  in  the  direction 
perpendicular  to  the  substrate,  forming  within  the  matrix  of 
the  NBR  host-polymer.  The  guest  PPy  polymer  grows 
through  the  fine  channels  etched  by  the  penetration  of  the 
electrolyte  into  the  NBR  film  during  electropolymerization  as 
shown  in  Figure  2.  The  host  polymer  of  NBR  film  is 
subsequently  removed  in  order  to  leave  the  backbone  of  the 
precipitated  PPy  film. 

Potential  step  and  AC  impedance  measurements  for 
these  electrodes  demonstrate  that  the  NBR/PPy  electrode 
exhibits  a  faster  anion  doping  process  than  an  ordinary  PPy 
electrode  (Ref  1 ).  Inspection  of  the  surface  of  the  film  by 
Scanning  Electron  Microscopy  revealed  that  the  PPy  film 
grown  directly  on  platinum  substrate  exhibits  a  relatively 
compact  structure  of  approximately  1  pm  thickness.  In  con¬ 
trast  the  PPy  film  formed  by  the  NBR  process  exhibited  a 
porous  open  structure  with  a  thickness  of  about  2-3  pm 
when  equivalent  amounts  of  polymer  were  deposited  (1 
coulomb/cm*-). 

The  polypyrrole  exhibits  a  doping  level  of  about  33 
percent  and  this  cathode  has  been  developed  into  a 
commercial  battery  design  (Ref  2).  More  recently 
polyaniline  (PAn)  was  reported  to  exhibit  a  doping  level  in 
excess  of  80  percent  (Ref  3);  this  results  in  an  increase  in  the 
theoretical  specific  energy  for  a  cell  system  utilizing  such  a 
cathode.  The  Ei/PAn  system  has  also  been  recendy  reported 
in  a  commercial  battery  development  (Ref  4).  With  advances 
in  the  doping  levels  and  also  the  ability  to  control  the 
morphology  in  a  manner  that  enhances  the  rate  capability. 


there  is  renewed  interest  in  lithium/polymer  cathode  cell 
systems.  Although  they  do  not  appear  to  be  capable  of 
achieving  the  theoretical  specific  energies  of  the  solid 
intercalation  cathodes,  under  certain  conditions  they  may 
exhibit  superior  values  for  the  power  density  in  energy 
storage  devices. 
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Fig.  1  Preparation  procedure  of  NBR/PPy  film 


Pt  Electrode  n9R  *ilm 


Fig. 2  Schematic  model  for  tubular  channel  formation  into 
NBR  film  ami  polymer  growth  through  it 
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Complexes  of  polyethylene  oxide  (PEO),  and  lithium 
salts  have  been  shown  to  be  promising  materials  as  the  solid 
state  polymer  electrolyte  element  in  the  development  of  high 
energy  lithium  batteries  (1-5).  The  present  study  was 
focussed  on  divalent  metal  systems  that  might  offer  the 
possibility  of  increased  specific  capacity  or  energy  density. 

Magnesium  is  of  particular  interest  because  of  its 
diagonal  relationship  in  the  periodic  table  with  lithium. 
Recently,  the  solid  magnesium  perchlorate-PEO  complex. 
(PEOy:Mg(C104)2)  has  been  shown  to  give  conductivities 
between  10- ^  and  10  6  S/cm  at  80°C  (6).  This  is  comparable 
with  that  for  lithium  polymer  electrolytes  at  similar 
temperatures. 

The  cells  studied  in  this  laboratory,  M/MX  in 
PEO/VftO|3,  have  been  based  on  a  divalent  metal  anode,  a 
polymer-divalent  salt  electrolyte  and  a  V6On  composite 
cathode.  The  divalent  metal  systems  being  studied  are  based 
upon  anodes  of  magnesium,  ca’cium.  zinc  and  copper.  Cells 
of  area  6.4  cm^  have  been  cycled  at  constant  current 
discharge  and  current  limited  constant  voltage  charge  at 
various  rates.  Preliminary  results  indicate  that  the  copper 
and  zinc  systems  are  reversible.  Cycling  data  have  been 
compared  with  those  of  the  corresponding  lithium  systems. 

The  polymer  electrolytes  have  been  prepared  by  two 
methods 

1 )  solvent  casting. 

2)  hot- press  technique  (7). 

The  two  preparative  techniques  were  compared  via  a  c 
conductivity  measurements.  The  hot-press  preparation 
permits  synthesis  without  the  complications  of  solvent 
addition  and  subsequent  removal. 
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Introduction 

Although  silica  -  based  papers  are  commonly  used  as 
separators  in  Li/SOCl2  cells,  SiC>2  is  thermodynamically  unstable 
with  respect  to  lithium.  Many  silicate  glasses  are  highly  reactive 
with  lithium.  For  very  long-life  applications  (i.e.  10-15  years) 
and  for  reserve  lithium  technologies,  the  reactivity  of  these 
silicate  materials  is  expected  to  become  a  life-limiting  factor. 
Nonetheless,  a  screening  study  ^  has  indicated  that  some  silica  - 
based  papers  are  much  more  resistant  to  lithium  than  others. 

It  is  difficult  to  study  corrosion  processes  involving  lithium 
using  most  ex  situ  techniques  because  environmental  reactions 
alter  the  surface  of  interest  However,  it  is  possible  to  investigate 
surface  interactions  with  lithium  using  in  vacuo  surface  analytical 
techniques^’-’.  For  example.  X-ray  photoelectron  spectroscopy 
(XPS)  has  been  used  to  monitor  the  reaction  occurring  when 
lithium  is  deposited  on  a  freshly  cleaved  silica  surface.  Multiple 
states  were  found  for  silicon  in  the  final  product,  rather  than  the 
complete  reduction  of  SiC>2  to  elemental  Si.  Furthermore,  the 
resistance  of  sodium  and  potassium  silicate  glasses'*  to  lithium 
degradation  was  found  to  be  greater  than  that  of  pure  SiC>2  Tilts 
enhancement  in  durability  was  associated  with  the  presence  of 
non  -  bridging  oxygens  in  the  matrix.  Investigations  of  lithium 
reactivity  have  been  extended  to  a  variety  of  glasses^-*',  including 
aluminosilicates,  but  have  not  yet  included  a  wide  range  of  both 
sodium  and  calcium  additions  to  the  aluminosilicate  matrix. 

Approach 

Commercial  glass  separators  vary  substantially  in 
composition,  as  shown  for  four  silicate  -  based  glass  papers  in 
Table  I  The  qualitative  statements  of  reactivity  in  the  Table  are 
based  on  differential  scanning  calorimetry  fDSC)  tests  of 


Li/separator  samples  conducted  to  300°C.  In  general,  Na20  and 
KoO  appear  to  be  associated  with  greater  Li  -  reactivity,  while 
CaO  and  AI2O3  are  associated  with  lesser  reactivity.  However, 
the  interactions  between  these  different  constituents  are  difficult 
to  identify  in  commercial  glasses  that  contain  several  other 
constituents.  Therefore,  we  fabricated  a  series  of  experimental 
glasses.  Table  II,  to  study  the  reaction  mechanism(s). 

Summary 

The  variation  in  compositions  of  glass  separators  leads  to 
different  products  having  large  differences  in  reactivity.  Some 
commercial  silicate  -  based  glasses  do  not  substantially  react  with 
Li  in  tests  to  300°C.  The  present  investigation  has  used 
experimental  glasses  of  simplified  compositions  to  differentiate 
the  roles  of  AbOj,  CaO,  and  N^O  in  glass  stability  in  the 
presence  of  Li.  Reaction  mechanisms  will  be  proposed  on  the 
basts  of  XPS  and  quantitative  DSC  analyses. 
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INTRODUCTION 

The  use  of  bromine  trifluoridc  with  lithium,  magne¬ 
sium.  and  calcium  anodes  offers  the  possibility  of  new 
battery  systems  that  have  high  cell  voltages  and  energy 
densities  (Table  I).  Bromine  trifluoridc  is  a  very  reactive 
substance  that  acts  as  a  supplier  of  fluorine  to  the  electro¬ 
chemical  cell.  This  intcrhalogcn  compound  is  a  particu¬ 
larly  suitable  intcrhalogcn  solvent  for  battery  applica¬ 
tions  because  of  its  convenient  liquid  range  (mp  8.8*0. 
bp  i25.K:C>  and  relatively  high  specific  conductance 
(0.008  ohm'1  cm'*)  (It.  The  high  conductivity  of  BrF_t  is 
attributed  to  its  self-ioni/.ation  reaction 

:  HrF-,  HrF;-  -  HrFj  i  K  =  0.R)  1 1 J 

that  >  iclds  equilibrium  concentrations  of  nearly  0.9  M  of 
the  acidic  (BrFy+)  and  basic  ( BrFa' >  ions,  a  detailed  review 
of  the  physical,  chemical,  and  electrochemical  properties 
of  BrFt,  BrF5<  CIFt.  and  ClF's  was  recently  published  (It. 

The  reduction  of  the  BrFj  solvent  serves  as  the 
cathodic  reaction  in  this  battery  system.  Various  electro¬ 
chemical  reactions  have  been  proposed  for  the  reduction 
of  BrFy  that  involve  the  products  of  Ur.  Hr;.  Rrl;.  Brf-'y  and 
even  BrFs  (1-3).  We  propose,  tor  battery  applications,  that 
the  reduction  of  BrF-j  can  he  represented  by 

BrFt  3e‘  — >  1/2  Bry  +  3  F*  .  2| 

This  is  the  cathodic  process  for  the  cell  reactions  proposed 
in  Table  l 

Most  battery  systems  that  use  active  metals  in 
oxidizing  solvents  depend  on  passivating  films  on  il.c 
anode  consisting  of  chlorides  or  oxides  in  HrF;  the  passi¬ 
vating  films  will  consist  of  fluorides.  This  paper  reports 
on  the  electrochemical  behavior  of  lithium,  magnesium, 
and  calcium  anodes  in  Hrf-3  containing  various  supporting 
electrolytes  Also  discussed  vs.  ill  be  the  results  of  irih.il  cell 
test  tor  the  Li/Rrl '%/carbon  system. 

EXPERIMENTAL 

The  experimental  set-up  was  con  studied  using 
Monel  .md  Teflon  parts,  its  description  can  he  l«*un«1  else¬ 
where  I  his  svstem  provides  both  the  chemic.il  resis¬ 

tivity  and  safety  required  to  run  tests  on  Rrbt  The  lotion 
e!  .v  i  roc  hemic  a  I  cell  was  '-quipped  with  inlet  and  outlet 
ports  for  BrF\  and  three  threaded  feed-throughs  tor  she 
electrodes  J  he  PAR  model  273  »as  used  for  both  puntm.i! 
ati-l  vurrent  s-mlrol  Experimental  data  was  lolL-Ccd  and 
.r-.dv/ed  on  an  IBM  PC  XI  Hi  lithium  ch\irode  \  -  1  to  7 
.  ns  -  >  was  prepared  trom  P  16  cm  sheet  iK()(7k|C.  oo 
purity  ► .  and  spoi  welde«l  to  a  Pi  wire  The  ,  jlontii  K(>(, 
kl<  puriiy  j  and  magnesium  -  Allied  ( ‘he,,o.  a1-. . 

electrodes  were  prepared  trom  0  (i2  nuh  sheet  and  sp  -t 
welded  to  j  \:  wire  The  reference  eJe.tr--le  \\a-  a  let  ion 
c-‘.«te-!  Pt  woe  while  a  cylindrical  Pt  s\*cci:  !..i.mg  a 
diameter  ■  * t  ,ib<>iii  1  .  rn  served  a-  'he  counter  to  V 

A  small  pfoti.iype  bat'ery  was  c  •isvin..  1  :.-inj  a 
I  .  floii  union  tec  A  I  eflon  filter  ii.emhi.itie  -  '.ir.d  -c 1  ed 
between  a  I  i  dis.  anode  a:;.!  a  .  arhou  1.-.  \  --  ..v’ 

spr-  •  vc  as  used  t.«r  an  e-ivir.cjl  »o(.t.u* 


The  BrF3  was  obtained  from  Ozark-Mahoning  and 
used  without  further  purification.  The  fresh  BrFa  from 
the  container  was  pale  yellow  indicating  the  presence  of 
bromine.  The  set-up  was  evacuated  and  then  filled  with  a 
nitrogen  atmosphere  prior  to  filling  the  cell  with  RrFv 
About  15  mL  of  BrF3  was  used  for  each  experiment.  Spent 
solvents  were  allowed  to  react  with  sand  prior  to  disposal 

RESULTS  AND  DISCUSSION 

The  opcn-circuit  potential  of  lithium  in  BrF}  solu¬ 
tion  was  stable  at  -5.12  ±0.03  V  vs.  Pt.  whereas  the  equilib¬ 
rium  cell  potential  is  calculated  to  be  5.26  V  at  25'C.  based 
on  the  cell  reaction: 

3  Li  +  BrF3  3  LiF  +  1/2  Bry  |3j 

The  present  of  passivating  films  on  active  metal  anodes 
can  cause  cell  potentials  to  he  significantly  less  than  the 
theoretical  expectations  <5.  6).  The  discharge  of  the  Li  was 
performed  at  different  current  densities  ranging  from  5  :  > 
50  mA/cm*.  The  discharge  curve  becomes  Hatter  as  the 
current  density  is  lowered.  At  low  discharge  current  den¬ 
sities.  a  nearly  flat  discharge  was  possible  for  several 
hours.  In  Figure  1.  the  relationship  between  discharge 
current  density  and  discharge  capacity  of  ihe  lithium 
anode  is  shown.  The  total  discharge  time  increas'd  sig¬ 
nificantly  as  the  discharge  current  density  was  loueicd 
Similar  results  will  be  presented  at  lower  current  densities 
(below  5  mA/cm'). 

Figure  2  shows  the  results  of  constant  current  dis¬ 
charge  (20  m A/cm- )  of  a  Li  anode  with  and  without  !  M 
NaF.  Addition  of  1  M  NaF  resulted  in  significant  reduction 
in  the  discharge  lime.  The  NaF  acts  as  a  Lewis  base  and 
decreases  the  equilibrium  con*,c;.;ra:iw..  of  u„idi*  HrF;'*’  ;n 
BrFj;  this  likely  decreases  the  solubility  of  the  LiF  film  and 
hinders  the  discharge  of  Li.  Experiments  were  also  per¬ 
formed  in  the  presence  of  other  supporting  electrolytes  to 
examine  their  effect  on  the  discharge  behavior  of  Li  -eg. 
LiF.  A1F*.  LiPFft). 

The  discharge  behavior  of  lithium,  magnesium,  an.! 
calcium  anodes  during  constant  current  discharge  are 
shown  in  Figure  3  The  passivation  was  so  severe  for 
calcium  and  magnesium  in  BrF;  that  they  were  polarized 
rapidly  even  at  low-  current  densities  i<1  ni.A.m'i  i~i 
Hus  was  explained  by  the  fact  that  the  passivating  t. !::>•.  ot 
c  alcium  and  magnesium  are  essentially  amosi  fcond-i,  tors 
Hence,  it  is  not  possible  for  cati-ms  to  pass  through  the 
passivating  him  during  discharge  Ihe  pas'ivjir.xk  v... . 
less  severe  for  a  freshly  prepared  lithium  anode  Id  : 
and  discharge  was  possible  at  high  current  densities 
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Tabic  1.  Thermodynamic  Characteristics  of  Intcrhalogcn 
Cells  with  Several  Anode  Materials  at  25°C. 


Interhalogen 

Proposed  Cell 

E°.  cell 

Enerev 

cell 

Reaction 

(V) 

WHr/Kc 

W 1 1 r/c m  * 

Li/BrF3 

3  Li  +  BrF3  — » 

3  LiF  +'  1/2  Br2 

5.26 

2680 

4.80 

Ca/BrF3 

3  Ca  +  2  BrF3  -> 

3  CaF2  +  Br2 

5.22 

2130 

4.79 

Mg/BrFj 

3  Mg  +  2  BrF3 

3  MgF?  +  Bn 

4.72 

2190 

5.43 

1.3  j- 

1.0  • 

'f 

o 

:  0.5  - 
< 

cr 

o 

0  - 


-03  *  *  •  ,  •  -  *  ♦ 

10  ?C  30  40  bo 

Disck'orqe  Cjrrent  Density  (mA/c^) 

Fig.  1.  Discharge  rate  vs.  log  discharge  capacity  of  lithium 
in  BrFj  at  22CC. 
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Fig.  3a.  Constant  current  discharge  curve  for  lithium 
(curve  A)  at  10  mA/eni-  in  BrFj  at  22"C. 
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Fig.  3h.  Constant  current  discharge  curves  for  calcium  <B. 
0.5  mA/eni'1  and  magnesium  tC.  <U  ntA/cm-1  m  BrF ;  at 

22'C 


Fig  2  Constant  current  (20  ni A/cm-)  discharge  curve-*  of 
lithium  anode  in  BrF;  with  iAi  and  without  <Hi  1  NI  \jl-  at 
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An  Ambient  Temperature  Solvated  Electron 
Lithium  Electrode  for  Secondary  Batteries 

Francisco  A.  Uribe  and  Anthony  F.  Sammells 

Eltron  Research.  Inc. 

4260  Westbrook  Drive 
Aurora.  IL  60604 

We  wish  to  report  recent  work  performed  in  our 
laooratory  on  a  liquid  lithium  negative  electrode 
consisting  of  lithium  dissolved  in  liquid  ammonia, 
giving  a  solvated  electron  lithium  solution  which 
has  been  operated  at  room  temperature  (120psi)  in 
secondary  cells.  Lithium  mediation  from  this  lithium 
source  to  the  liquid  non-aqueous  electrolyte  in  the 
positive  electrode  compartment  was  via  use  of  the 
lithium  intercalated  electronically  conducting  cer¬ 
amic  membrane  of  general  composition  1>1XW02«  To  be 
discussed  here  are  voltammetric  measurements  perfor¬ 
mance  on  respective  electrodes  in  the  cell 

1.1  .NH^/Li^WO^/LiAsF^dM) , non-aqueous  solvent/TiS; 

using  the  respective  non-aqueous  solvents  2-methvl- 
THF  and  liquid  ammonia.  The  electrochemical  cell 
used  for  containment  of  the  liquid  ammonia  solution 
at  ambient  temperature  is  shown  schematically  in 
Figure  1.  Argon  introduced  under  pressure  into  the 
positive  electrode  compartment  was  used  to  compensate 
for  vapor  pressure  differences  present  between  the 
solvated  electron  ammonia  solution  and  2-methyl-THF, 
so  as  to  avoid  rupture  of  the  WO2  membrane. 

Cells  containing  2M  Li  in  liquid  ammonia  posses¬ 
sed  an  open-circuit  potential  of  2.3V  at  21°C.  These 
voltages  were  reached  typically  within  10  min. 
starting  from  a  WO2  membrane,  suggesting  that  lithium 
intercalation  to  give  LixW(>2  was  quite  rapid.  Figure 
2  shows  a  typical  discharge-charge  cycle  for  this 
cell  at  respective  current  densities  of  0.6  and  0.26 
mA/cm^.  Cell  performance  suggested  reversible  lith¬ 
ium  transport  across  the  LixW02  membrane. 

The  second  cell 

Li(2M)  ,NH,/Li  W0 .. /LiAsF,  (1M)  .NH./TiS, 
i  x  1  o  i  z 

also  operated  at  ambient  temperature  initially  pos¬ 
sessed  an  open-circuit  potential  of  2.01  and  could 
be  discharged  at  lmA/cm*  and  0.3mA/cm^  upon  charge. 
This  cell  possesses  two  distinct  advantages:  1)  there 
is  no  requirement  for  separate  pressure  equalization 
between  electrode  compartments,  and  2)  any  unit 
activity  lithium  that  might  become  deposited  onto  the 
l.ixW()2/cath°lyte  Interface  at  higher  charge  current 
densities,  would  immediately  become  dissolved  into 
the  liquid  ammonia  and  chemically  react  with  the  TiSv 
resulting  only  in  a  small  loss  in  Faradaic  efficiency. 

The  present  status  of  this  approach  for  achieving 
long  cycle  life  and  high  energy  density  ambient  tem¬ 
perature  lithium  batteries  will  be  discussed. 
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Figure  1.  Pressure  cell  for  working  with  liquid  SH3 
at  ambient  temperature. 

1)  Liquid  SH3  Inlet 

2)  To  dome  loaded  pressure  reducing 
regulator  (TESC0M) . 

3)  Electrical  connection 

4)  W0>  membrane 

6)  Ethylene  propylene  0-ring 

6)  Polyethylene  disk  to  accommodate 
CJ- rings  and  WO 2  membrane. 

7)  Positive  electrode  <TiS2) 

8)  To  dome  loaded  pressure  reducing 
regulator  and  Ar  inlet. 

9)  Electrical  connection 

10)  Solution  inlet 

11)  Stainless  steel  case 


Figure  2.  Discharge  and  charge  curve  of  the  cell 
I  l  +  .ojlJM)  1M>  .  J-McTHf'/TiSj  . 

T  3  21  aC.  P  =  UOpsi.  idisch  =  *'■  6mA. 

*charg  =  0.76mA. 
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RELIABILITY  OF  COMMERCIAL  LITHIUM  BUTTON  CELLS 
Jean-Paul  Randin 
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Passage  Max-Meuron  6 
2001  Neuchatel  (Switzerland) 

1.  Introduction 

The  presence  of  a  protective  surface  film  on  lithium 
in  organic  electrolytes  is  generally  recognized  and 
has  been  the  subject  of  numerous  investigations  (1). 
An  increase  of  the  activation  resistance  in  commer¬ 
cial  1 ithium/carbon  monofluoride  (CF)  batteries  was 
reported  as  a  function  of  storage  time  at  several 
states-of-discharge  and  attributed  to  a  film  forma¬ 
tion  on  the  lithium  electrode  (2). 

The  aim  of  the  present  study  was  to  characterize  the 
passivation  resistance  of  commercial  Li/MnO-  and 
L 1 /CF  button  cells  under  several  environments  in  an 
attempt  to  assess  the  reliability  of  such  power 
sources  under  very  low  drain  discharge.  The  lithium 
button  cells  presently  used  employ  a  plastic  crimp 
seal  and  the  main  question  Is  the  long  term  reliabi¬ 
lity  of  such  cells  while  driving  devices  to  the  maxi¬ 
mum  capacity  of  the  power  source.  Under  very  low 
drain,  the  current  is  too  low  to  break  down  the 
passivating  layer  on  the  lithium  electrode.  To  fur¬ 
ther  accelerate  the  passivation  phenomenon,  the 
cells  used  in  the  present  study  were  measured  after 
storage,  i.e.  without  drawing  any  current. 

2.  Experimental 

FiftyCR* 2016  7  20  mm  diameter,  1.6  mm  thickness)  Li/ 
Mn0?  cells,  received  fresh  from  Sanyo  Electric  Trad- 
Ing'Xo,  Osaka,  Japan  in  January  1985,  and  fifty  BR 
2016  Li/CF  cells  received  fresh  from  Matsushita  Bat¬ 
tery  Industrial  Co,  Osaka,  Japan  in  November  1984, 
were  used.  The  initial  capacity  was  92*2  and  78*2 
mAh  at  a  cut-off  voltage  of  2.0V  when  discharging 
into  30  kft  at  20°C  with  a  mean  voltage  of  2.9  and 
2.8V,  respectively. 

Two  cells  of  each  type  were  stored  under  each  of  the 
following  conditions  defined  In  international  stand¬ 
ards*  a)  20^2°C,  60*15%  relative  humidity  (RH),  b) 
40±2°C,  93+2-3%  RH  and  c)  55*2°C  using  a  constant 
temperature  cabinet  held  in  a  20°C/60%  RH  room. 

The  Internal  resistance  of  the  cells  was  then  meas¬ 
ured  at  regular  time  intervals.  After  720  days  of 
storage,  the  resistive  discharges  were  performed  to 
determine  the  sel f-discharge. 

The  ac  Impedance  was  determined  at  the  open  circuit 
potential  using  a  Frequency  Response  Analyzer,  Solar- 
tron  Type  1174  and  an  electrochemical  interface  So- 
lartron  Type  1186  controlled  with  a  Hewlett  Packard 
9825  A  calculator.  The  alternating  voltage  was  2.5 
mV  rms. 

In  addition  to  the  impedance  measurements,  five 
undischarged  cells.of  each  type  were  stored  at 
40°C/93t  RH  and  55°C  and  regularly  weighed. 

3 .  Results 

The  Impedance  data  are  reported  in  Fig.  1  and  2  for 
the  Li/MnO,  and  Li/CF  cells,  respectively.  The  as- 
received  Li/CF  cells  showed  a  fairly  well  defined 
semi-circle  at  high  frequencies  (Fig.  2).  As  the 
storage  time  Increased,  the  diameter  of  the  high 
frequency  semi-circle,  R  ,  increased  and  the 
center  of  the  semi-circllcmoved  below  the  real  axis. 
The  impedance  locus  for  the  L1/Mn0?  cells  showed  a 
depressed  semi-circle  (Fig.  P.  The  activation  resis¬ 
tance  has  been  taken  as  the  intersect  of  the  high- 
frequency  semi-circle  with  the  real  axis.  Irrespec¬ 
tive  of  the  position  of  its  center. 


3.1  Li/MnO?  cells  :  The  variation  of  the  activation 
resistance,  R  as  a  function  of  the  storage 
time  under  th?§6  environment^  is  shown  in  Fig.  3, 
After  storage  at  20°C  and  55  C,  the  activation  re¬ 
sistance  increased  almost  linearly  with  time  up  to 
about  540  days,  then  increased  more  rapidly.  The  ac¬ 
tivation  resistance  was  about  10  H  at  the  beginning 
of  the  storage  and  reached  40  and  90  £  after  720  days 
at  20  and  55  C,  respectively.  At  40  C/93%  RH,  the 
activation  resistance  increased  exponentially  with 
storage  time  to  reach  1  k  ft  after  less  than  300  days. 
The  increase  in  resistance  was  much  larger  at 
40°C/93%  RH  than  at  55°C. 

The  weight  loss  was  4  to  6  times  larger  at  55  C 
than  at  40  C/93%  RH  (Fig.  4). 

The  resistive  discharges  performed  after  720  days  of 
storage  indicated  that  the  self-discharge  increased 
with  increasing  temperature.  The  thickness  of  the 
cells  after  discharge  were  higher  ajter  storage  in 
humid  environment  than  at  20  and  55  C  (Table  1). 

3.2  Li/CF  cells  :  The  activation  resistances  were 
significantly  higher  than  those  of  the  Li/Mn0p 
cells  (Fig.  5).  During  storage  at  20  C,  R  t 
remained  between  230  and  330^*  with  a  maximum  value 
afjer  30  days  and  a  minimum  after  about  300  days.  At 
40°C/93%  RH  the  activation  resistance  increased 
quite  steeply  at  the  beginning  of  the  storage,  then 
increased  less  rapidly  and  finally  rose  sharply 
after  more  than  300  days.  At  55  C,  a  sharp  increase 
was  again  recorded  for  short  times  followed  oy  a 
decrease  to  reach  a  minimum  value  around  180  days 
and  a  sharp  increase  for  longer  storage  times. 0 

A  weight  loss  was  measured  after  storage  at  55  C, 
while  a  slight  weight  increase  was  recorded  at 
40  C/93%  RH  (Fig.  4). 

The  resistive  discharges  performed  after  720  days  of 
storage  indicated  a  total  self-discharge  twice  as 
high  at  40°C/93%  RH  as  at  55°C.  lhe  thickness  of 
the  cells  after  discharge  was  higher  after  720  days 
at  40°C/93%  RH  than  at  55  C,  and  higher  at  55  C 
than  at  20  C  (Table  1 ). 

5.  Conclusions 

The  results  of  the  present  study  show  that  the  perme¬ 
ations  of  the  solvent  from  the  electrolyte  towards 
the  outside  and  of  water  towards  the  inside  of  the 
cell  simultaneously  occur  to  different  extents  de¬ 
pending  on  the  temperature  and  humidity  of  the  envi- 
ronmnent  and  on  the  type  of  cell.  The  plastic  c*-imp 
seal  of  the  Li/Mn0p  cell  exhibits  a  high  permeation 
for  the  solvent  ana  a  low  permeation  for  water  where¬ 
as  the  opposite  is  observed  for  the  Li/CF  cell.  The 
main  contribution  to  the  increase  of  the  activation 
resistance  is  the  water  permeation. 

The  consequences  of  water  permeation  on  the  useful 
lifetime  of  lithium  cells  have  also  been  investi¬ 
gated  as  a  function  of  the  state-of-discharge. 

The  expected  lifetime  of  the  Li/Mn0p  *nd  Li/CF  but¬ 
ton  cells  has  been  estimated  for  the  application  in 
a  wrist-watch.  The  approximate  lifetime  under  humid 
environments  is  well  below  the  expected  value  of  8 
years  claimed  by  the  manufacturer  (3). 

For  applications  where  the  estimated  lifetime  is 
longer  than  3-5  years,  it  would  be  advisable  to  use 
hermetically  sealed  cells,  i.e.  with  glass-to-metal 
or  ceramic-to-metal  feedthroughs.  Unfortunately  such 
cells  are  not  yet  commercially  available  at  the  di¬ 
mensions  of  interest  for  low  power  consumption 
devices. 
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Table  I  :  Self-discharge,  final  thickness  after  the 
discharge  following  720  days  of  storage  in  the  undis¬ 
charged  state,  as  well  as  final  activation  resist¬ 
ance  after  720  days  of  storage 
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Fig.  3  :  Dependence  of  R  t  on  storage  time  for 
the  undischarged  Li/MnO^cel 1  stored  at  20  c  (x), 
40°C/93%RH  (o)  and  55°r(t) 


0  180  360  540  720 


time  (tfays) 


Fig.  1  :  Complex  plane  impedance  data  for  the  undis¬ 
charged  L i/MnOp  cell  at  the  open  circuit  potential: 
freshly  received  from  the  manufacturer  ( — );  after 
360  days  of  storage  at  20  C  40  C/93%RH 

(  — )  and  55°C  The  decades  of  frequency  are 

shown  as  follows  :  10  To),  1  (•),  10  (A)  10  (A) 

10  (O),  10  (ft)  and  103  (x)  Hz. 


Re  { Q ) 


Fig.  ?  :  Same  as  Fig.  1  for  the  L 1 /CF  cel  1 .  The  res¬ 
ponse  after  360  days  of  storage  at  ?0°C  is  roughly 
the  ame  as  that  in  the  fresh  state 


Fig.  4  :  Change  in  weight  as  a  function  of  storage 
time  at  40  C/93%  RH  (open  symbols)  and  55°C  (solid 
symbols)  for  the  undischarged  Li/MnO?  (triangles) 
and  L i /CF  (circles)  cells. 
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Fig.  S  :  Same  as  Fig.  3  for  the  l 1/CF  cell 
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INTRODUCTION 

Lithium/silver  vanadium  oxide(SVO)  batteries  were 
developed  in  1979  (1),  Since  that  time  they  have  been 
developed  for  use  in  implantable  cardiac  defibrillators  and 
other  medical  devices  (2-5).  Several  characteristics  make 
the  chemical  system  particularly  useful  for  medical 
applications.  The  self-discharge  of  the  system  is  less  than 
2%  per  year  allowing  for  long  shelf-life  and  long  life  under 
low  drain  rate  (6).  The  Li/SVO  system  displays  a  voltage 
profile  whose  voltage  decreases  with  depth  of  discharge, 
allowing  the  state  of  charge  to  be  determined  by 
interrogation  of  cell  voltage. 

The  ability  to  determine  a  cell's  state  of  charge  and  predict 
when  replacement  will  become  necessary  is  important  in  a 
medical  device.  In  order  to  use  the  background  voltage  of  a 
cell  tor  this  type  of  prediction,  the  voltage  recovery  after  high 
current  pulse  discharge  must  be  known.  The  voltage 
recovery  in  completed  cells  was  characterized  and  this  led  to 
the  more  fundamental  investigation  of  the  rate  of  lithium 
diffusion  in  SVO  which  is  reported  here.  Two  techniques 
were  used:  the  voltage  recovery  after  single  constant  current 
pulses  in  test  cell:  and  voltammetry  of  thin  layer  SVO 
electrodes  conducted  at  different  scan  rates. 

EXPERIMENTAL 

The  completed  cells  used  tor  the  study  had  multiplate 
construction  where  alternating  layers  of  SVO  cathodes  and 
Li  anodes  were  assembled  in  prismatic  configuration.  The 
electrodes  were  separated  by  commercially  available 
polypropylene  membranes.  The  capacity  of  the  cells  was 
5.5Ah. 

Test  cells  for  the  single  cathode  pulse  experiments  consisted 
of  parallel  lithium  and  SVO  plates  held  apart  with  a  spacer. 

No  separator  material  was  used.  Lithium  was  used  as  a 
reference  electrode 

Electrodes  for  the  voltammetry  experiments  were  prepared 
by  placing  a  thin  layer  of  an  aqueous  suspension  of  graphite. 
SVO  and  polyacrylic  acid  on  an  inert  metal  disk  The  water 
was  evaporated  to  leave  a  very  thin  SVO  elect'ode.  The  disk 
was  mounted  so  that  only  the  surface  containing  the  SVO 
was  exposed  to  the  electrolyte.  The  voltammetry  was 
conducted  in  1M  LiAsFg  in  a  50'50  by  volume  mixture  of 
propylene  carbonate/dimethoxy  ethane  using  an  EG&G  PAR 
potentiostat  in  combination  with  an  Apple  lie  computer. 
Lithium  was  used  for  reference  and  auxiliary  electrodes. 

RESULTS  AND  DISCUSSION 

A  high  rate  pulse  testing  scheme  used  for  discharge  of  the 
multiplate  cells  consisted  of  four  2.0A  pulses  every  30 
minutes  where  each  pulse  lasted  10  seconds  and  was 
followed  by  15  seconds  of  rest  A  typical  pulse  discharge 
curve  of  a  cell  with  a  5  5Ah  capacity  is  shown  in  Figure  1 . 
where  the  background,  minimum  first  pulse  and  minimum 
fourth  pulse  voltages  are  shown.  If  a  cell  is  partially 
discharged  under  pulse  and  the  test  is  interrupted,  the 
background  voltage  of  the  cell  continues  to  recover  for 
several  days  Figure  2  shows  a  pulse  test  where  the  cell  was 
puT.ed  every  30  minutes  for  30  pulse  trains  and  then  allowed 
to  stand  at  open  circuit  voltage  until  the  voltage  of  the  cell 


had  stabilized.  A  stable  voltage  was  defined  as  less  than 
5mV  change  per  day.  The  voltage  during  this  stabilization 
period  was  monitored  and  is  shown  versus  time  in  Figure  3. 
After  667mAh  of  discharge  (12%  DOD)  the  cell  required  1 1 
days  to  stabilize  and  recovered  a  total  of  0.790V.  After 
1.33Ah  (24%  DOD)  of  discharge  the  cell  recovered  0.845V 
and  needed  14  days  to  stabilize.  After  2.0Ah  (36%  DOD)  the 
cell  took  6  days  to  stabilize  and  recovered  560  mV.  What 
can  be  seen  from  this  data  is  that  the  cells  do  not  recover  at 
the  same  rate  or  the  same  magnitude  at  all  depths  of 
discharge. 

In  order  to  explore  the  voltage  recovery  further,  an 
investigation  of  the  lithium  diffusion  rate  in  SVO  was  initiated. 
Test  cells  with  single  parallel  plates  were  used  for  this 
portion  of  the  experiment.  Cells  were  discharged  under 
constant  loads  for  1 6  hours  under  a  variety  of  rates.  After  the 
load  was  removed,  the  cells  were  allowed  to  stabilize  at 
open  circuit  voltage  for  3  weeks,  A  single  pulse  was  then 
applied  and  the  voltage  recovery  was  monitored.  From  this 
the  rate  of  lithium  diffusion  was  determined  (7).  The  cells 
were  discharged  at  rates  that  required  from  four  to  ten  16 
hour  discharge  periods.  Thus,  lithium  diffusion  rates  at 
multiple  depths  of  discharge  were  obtained  in  SVO 
discharged  at  a  variety  of  rates. 

Voltammetry  was,  also,  used  to  determine  lithium  diffusion 
rates  Voltammograms  of  thin  SVO  electrodes  were 
conducted  at  scan  rates  ranging  from  0.02  mV.s  to  1  mV  s  A 
typical  voltammogram  is  shown  in  Figure  4,  where  the  scan 
rate  was  0.08  mV/s.  The  multiple  waves  present  in  SVO 
discharge  can  be  seen.  The  percent  utilization  of  SVO  at 
each  scan  rate  was  determined.  These  values  were  then 
used  to  determine  lithium  diffusion  rates  (8). 

CONCLUSIONS 

The  rate  and  magnitude  of  voltage  recovery  of  Li  SVO 
batteries  after  high  rates  of  discharge  is  rot  constant  at  an 
depths  of  discharge.  Thus,  an  investigation  of  the  diffusion 
rates  ot  lithium  in  SVO  at  multiple  dep'ths  of  discharge  was 
conducted.  Pulse  methods  were  used  to  determine  the 
diffusion  rate  at  multiple  depths  of  discharge  of  SVO 
discharged  at  different  rates.  In  addition,  voltammetry 
conducted  at  various  rates  was  used  as  an  a"ernate 
determination  method  of  the  lithium  diffusion  "■•"s 
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Impedance  Studies  of  Alkali -Metal  Electrodes 
in  Non-aqueous  Electrolytes 
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The  behavior  of  the  lithium  electrode  in 
non-aqueous  electrolyte  is  complicated.  This  is 
owing  to  the  highly  reactive  nature  of  lithium 
metal  in  a  non-aqueous  electrolyte.  It  is 
generally  agreed  that  a  passivation  layer  is 
formed  on  the  surface  of  the  lithium  electrode 
u^on  exposure  to  the  electrolyte(l) .  This 
passivation  layer  is  essential  for  the  success  of 
primary  lithium  batteries.  However,  this 
passivation  layer  plays  a  more  complicated  role  in 
the  development  of  rechargeable  lithium 
batteries(2) . 

Studies  directly  related  to  the  lithium  elec¬ 
trode  in  non-aqueous  electrolytes  include  lithium 
cycling  efficiency  experiments(2-5) ,  impedance 
spectroscopy  (IS)  technique  (6-10),  static  polar¬ 
ization  (11-12),  and  potentiostatic  and  galvano- 
static  pulse  techniques.  '  '  Electrode  IS  is 

more  convenient  than  other  methods  for  separating 
the  different  processes  in  electrode  kinetics. 

The  electrolyte  system  that  has  been  studied  most 
extensively  using  the  IS  technique  is  lithium 
perchlorate  (LiClOJ  in  propylene  carbonate 
(PC) (9).  The  other  systems  studied  are  LiClO^  in 
tetrahydrofuran  (THF)(7),  LiClO.  in  propylene 
carbonate/dimethoxyethane  (DME),  and  lithium 
hexafluorophosphate  (LiPFfi)  in  dimethyl  sulfoxide 
(DMSO)  (10),  etc.  D 

The  cells  that  were  used  for  the  impedance 
measurement  generally  employed  the  half-cell 
configuration  (6-10).  Measurements  were  typically 
made  at  rest  potential  with  respect  to  Li 
reference  electrode.  This  means  that  the  counter 
electrode  is  also  lithium  metal.  The  impedance 
diagram  in  the  complex  plan  (Nyguist  plot)  of 
lithium  in  a  non-aqueous  electrolyte  generally 
shows  a  semicircle  which  represents  the 
combination  of  the  charge  transfer  resistance  R., 
and  the  double- layer  capacitance  C  . 

The  R  .  value  which  corresponded  to  the 
length  of  the  chord  of  the  semicircle  generally 
increased  with  storage  time. (6-10)  The  R  . 
value(9)  was  directly  related  to  the  filmcl 
thickness.  The  impedance  of  Li  in  the  electrolyte 
is  a  sensitive  function  of  the  solvent/solute 
combination  and  the  initial  condition  of  the  Li 
surface.  Therefore  the  rate  of  increase  is  also 
different  for  different  electrolytes.  In  an 
electrolyte  of  lithium  hexafluoroarsenate  (LiAsF..) 
in  2-methyl tetrahydrofuran  (2-MTHF).  we  found  that 
the  R  *  value  measured  in  a  half-cell 
configuration  increased  at  a  faster  rate  than  the 
Rct  value  measured  at  full  cell  configuration 
(VgO^  was  used  as  the  counter  electrode).  This 
suggests  that  the  Li  surface  is  less  reactive  in 
the  full-cell  configuration. 

This  paper  will  present  impedance  data  for 
alkali  metals  in  various  electrolyres  both  n 
half-cell  and  full-cell  configurations.  Their 
relationship  to  the  cycling  efficiency  of  the 
alkali-metal  in  full  and  half  cells  will  also  be 
d; jcussed . 
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Thin  films  of  FeSx  (1  <  x  <  2)  have  been  produced  by 
atmospheric  pressure  chemical  vapor  deposition  (CVD). 
Their  performance  in  a  Li/FeSx  battery  has  been 
investigated  at  ambient  temperature  with  a  cell  of  the 
following  configuration: 

(-)  Li  |  LiAsFfi  in  PC  |  FeSx  (+) 

The  CVD  apparatus  consisted  of  an  open  tunnel 
furnace  and  an  injector  head  with  three  concentric  ports. 
The  two  reactive  gases,  H2S  and  Fe(CO)s,  and  a  nitrogen 
separator  gas  were  directed  onto  Mo  or  A1  foil  substrates 
which  passed  under  the  injector  head  on  a  moving 
conveyor  belt.  The  temperature  was  varied  from  ambient 
to  400  C.  Nitrogen  curtains  were  used  to  exclude  air  from 
the  reaction  zone.  The  composition  of  the  films  could  be 
varied  between  FeS  and  FeS2  by  adjusting  the  flow  ratio 
of  the  reactive  gases.  The  deposition  rate  was  found  to 
vary  linearly  with  both  time  and  reactive  gas  flow  rate. 

Electrochemical  tests  were  carried  out  at  room 
temperature  to  determine  both  dynamic  and  open  circuit 
voltages  with  respect  to  pure  Li.  Voltage  plateaus  ( 1 .4  to 
1 .6  V)  were  found  at  current  densities  up  to  0. 1  mA/cm2. 
Although  previous  work  at  room  temperature  has  shown 
good  recharge  characteristics  for  bulk  FeS2  electrodes  (1), 
we  found  high  impedances  after  partially  recharging  our 
cells  from  the  Li2FeS2  composition. 

The  thermodynamics  of  the  cell  reaction  can  be 
explained  in  terms  of  the  ternary  Li-Fe-S  diagram.  Some 
of  the  pertinent  equilibrium  potentials  have  been 
established  at  room  temperature  and  are  compared  with 
previous  work  (2).  The  results  of  work  with  this  thin  film 
FeSx  cathode  will  be  compared  with  those  of  other 
positive  eiectrode  materials. 
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INTRODUCTION 

Thermal  batteries  based  on  the  Li ( a 1 loy) /PeS2 
electrochanical  systan  have  been  developed  in  recent 
years  and  successfully  employed  in  numerous  weapons 
systens.  The  FeS2  cathode  material  is  obtained  as 
beneficiated  ore  from  naturally  occurring  pyrite 
deposits  or  as  a  by-product  flotation  concentrate  from 
processing  base  or  noble  metal  ores. 

It  is  highly  unusual  to  find  a  naturally 
occurring  ,ubstance  used  directly  as  a  principal 
ingredient  in  a  chemical  system  requiring  components 
with  extremely  uniform  properties.  Never theless,  this 
material  has  performed  well  in  a  wide  variety  of  new 
lithium-alloy  thermal  batteries. 

However,  the  availability  and  quality  of  pyrite 
have  caused  persistent  problems  for  thermal  battery 
manufacturers.  In  recent  years,  it  has  been  very 
difficult  to  obtain  the  material  from  domestic 
sources.  in  addition,  the  quality  of  the  pyrite  has 
varied  dramatically  among  sources  and  even  between 
lots  from  the  same  source.  It  is  axiomatic  that  the 
reproducibility  of  the  cathode  behavior  would  be 
improved  by  using  pyrite  of  highly  uniform  physical 
and  chanical  properties. 

A  new  thermal  battery  cathode  material,  synthetic 
FeS2,  has  been  developed  as  an  alternative  to 
naturally  occurring  pyrite  material.  Thus,  a  domestic 
source  of  PeS2  cathode  material  is  now  available  that 
is  not  subject  to  periodic  interruption  by  national 
events  such  as  strikes  and  mine  closings.  In 
addition,  the  availability  of  pure  synthetic  pyrite 
with  highly  uniform  physical  and  chanical  properties 
presents  significant  advantages  in  the  reliability  and 
cost  of  thermal  batteries. 

The  composition,  thermal  stability,  surface 
chemistry,  and  electrochemical  discharge  behavior  of 
the  new  synthetic  material  were  evaluated  by 
thermogravimetry  (TG),  x-ray  photoelectron 
spectroscopy  (XPS) ,  and  single-cell  and  battery 
discharge  studies.  The  TG  analysis  method  for  PeS2 
materials  has  great  utility  for  monitoring  the  extent 
of  sulfidation  and  the  final  product  composition. 
Additionally,  a  mu  1 1 ipl e-heat ing-rate  TG  method  (1) 
has  been  used  to  determine  the  decomposition  rate  of 
FeS2  cathode  materials  at  thermal  battery  operating 
temperatures  (2).  The  effect,  of  the  particle  size  of 
synthetic  FeS2  material  on  i's  thermal  stability  and 


discharge  performance  was  determined.  XPS  studies 
were  conducted  to  analyze  the  surface  oxidation 
products  on  synthetic  and  natural  pyrite  materials. 

EXPERIMENTAL 

Synthetic  FeS2  was  prepared  by  a  proprietary 
process  (Castle  Technology  Corporation)  by  direct 
reaction  between  hydrogen- reduced  electrolytic  iron 
and  a  sulfidizing  medium  at  elevated  temperatures 
according  to  the  reaction: 


Fe  +  (l+x)S?  - >  feS1+x  (1) 

2 

FeSl+x  +  - >  PeS2  (2) 

2 

After  hydrogen  treatment,  the  iron  was  kept  under 
inert  gas  and  transferred  to  an  inert  atmosphere  glove 
box  with  a  water  vapor  content  of  10  ppm.  The 
sulfidation  reactor  was  loaded  with  the  reactants  in 
the  glove  box  and  was  returned  to  the  glove  box  for 
removal  of  the  product.  The  product  was  packaged 
within  the  glove  box  so  that  the  synthetic  FeS2  was 
not  exposed  to  air  before  sampling  for  analysis  or 
fabricating  into  cathodes. 

The  composition  of  the  product  was  determined  by 
TG  using  a  DuPont  9900  or  1090  thermal  analyzer 
interfaced  to  a  951  TGA  module.  Samples  v*>re  run  in 
platinum  boats  from  298  K  to  1023  K  in  a  helium 
atmosphere.  The  thermal  stability  of  the  material  was 
determined  by  a  multiple-heating-rate  TG  method 
previously  reported  (2)  for  FeS2  decomposition 
kinetics  studies.  XPS  surface  chemistry  studies  wer-- 
performed  on  the  new  synthetic  FeS2  and  on  naturally 
occurring  t'eS2  materials  with  a  Kratos  ES-300 
Photoelectron  Spectrometer .  Single-cell  and  battery- 
discharge  studies  were  performed,  according  to 
standard  procedures,  by  the  four  U.S.  thermal  battery 
manufacturers.  Catalyst  Research  Division  of  Mine 
Safety  Appliances  Company,  Eagle-Picher  Industries, 
Inc.,  Power  Conversion  Inc.,  and  SAFT  America,  Inc. 

RESULTS  AND  DISCUSSION 

In  general,  cells  with  the  synthetic  FeS2  had 
higher  operating  voltages,  lower  resistance,  and  wrc 
able  to  sustain  higher  current  densities  than  cells 
with  the  natural  pyrite  material.  This  enhanced 
performance  correlates  directly  with  the  fine  particle 
size  of  the  synthetic  FeS2  as  compared  with  the  much 
coarser  naturaL  material.  Lower  discharge  capacity  of 
the  synthetic  FeS2  cells  observed  at  low  current 
densities  is  also  consistent  with  the  higher  thermal 
decomposition  rate  expected  for  this  finely  divided 
material.  The  higher  thermal  decomposition  rate 
predicted  by  TG  kinetics  measurements  for  the 
synthetic  FeS2  correlates  v*?ll  with  the  lov*?r  measured 
cell  capacity.  Larger  particle  size  synthetic  FeS2 
can  be  produced  and  should  mitigate?  effects  of  rapid 
therma 1  decompos i t i on . 

TG  curves  and  XPS  spectra  of  synthetic  FeS2  that 
had  been  prepared  and  stored  in  an  inert  atmosphere 
showed,  respectively.  Hie  material's  high  bulk  psrity 
and  the  absence  of  surface  oxidation  products.  The 
SO^”*  conoentrot ion  on  the  surface  of  synthetic  Fe.Sj 
exposed  to  humid  environments,  as  determined  by  XPH 
and  TG,  increased  as  a  function  of  the  exposure  time. 
The  high  chonical  reactivity  of  the  synthetic  PeS2 
also  resulted  in  the  formation  of  surface  oxidation 


products  during  fabrication  of  single  cells  and 
batteries  under  dry  room  conditions. 

It  was  recently  reported  (3)  that  the  use  of  fine 
particle  si2e  FeS2  produced  significant  improvements 
in  cell  performance#  i.e.,  reduction  in  impedance  and 
increases  in  specific  energy  and  power.  Thus, 
synthetic  FeS2  may  find  great  utility  in  increasing 
the  performance  capabilities  of  Li/FeS2  thermal 
batteries  while  also  providing  a  solution  to  many  of 
the  problems  associated  with  the  variable  quality  and 
availability  of  the  presently  used  FeS2  materials. 
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A  variety  of  conducting  polymers  have  been 
investigated  with  regard  to  their  possible  applica¬ 
tion  in  batteries.  Among  the  most  widely  studied 
polymers  are  polyacetylene  (PA)  (1,2,3,),  poly(p- 
phenylene)  (PPP)  (3,4),  polypyrrole  (PPy)  (5,6),  and 
polyaniline  (PAn)  (7,8).  A  conducting  polymer  can 
be  either  partially  oxidized  or  reduced  electro¬ 
chemical  ly  to  form  either  p-type  or  n-type  conduc¬ 
tors  generally  suited  for  use  in  cathodes  or  anodes 
respectively.  The  electrochemical  oxidation  or 
reduction  process  results  in  the  formation  of  a 
highly  conductive  complex  between  the  reduced  or 
oxidized  polymer  and  the  appropriate  counterion  from 
the  electrolyte.  Most  of  the  world  wide  effort 
toward  developing  a  polymer  battery  has  been  direct¬ 
ed  toward  the  use  of  anion-inserted  (p-type)  poly¬ 
mers  as  the  cathode  (positive  electrode).  For 
example,  Bridgestone  and  Seiko  in  Japan  have  recent¬ 
ly  announced  the  commercialization  of  a  button  cell 
based  on  a  cathode  composed  of  anion-inserted  poly¬ 
aniline  and  an  anode  composed  of  Li/Al  alloy  (9). 
This  cathode-limited  cell  appears  to  have  the  virtue 
of  very  high  cycle  life  (presumably  aided  by  the  use 
of  an  appreciable  excess  of  Li/Al  alloy).  The  cell, 
however,  does  not  offer  high  energy  density  (values 
calculated  from  quoted  data  are  4.4  mWh/g  and  1.5 
mWh/cnr).  The  cell  is  directed  at  markets  which 
require  long  life  and  reliability  over  energy  stor¬ 
age  capacity.  A  comparison  of  fundamental  proper¬ 
ties  of  competing  cathode  materials  is  given  in 
Table  1  which  compares  the  observed  capacity  of 
several  oxidized  polymers  inserted  by  BF^  anions 
with  that  of  an  inorganic  1 ithium-cation  inserting 
cathode  material,  11  MoS-, which  is  employed  in  a 
cell  being  marketed  By  Mol i  Energy,  Ltd.  The 
mid-discharge  voltages  listed  are  the  approximate 
open-circuit  voltages  at  a  point  where  half  of  the 
discharge  capacity  has  been  used.  The  capacities 
listed  for  the  polymers  include  the  weight  of  the 
inserted  anion  (BF/),  since  this  anion  is  a  neces¬ 
sary  constituent  or  the  charged  cell  and  must  be 
considered  in  making  comparisons  with  other 
materials.  On  a  gravimetric  basis  the  polymers 
compare  very  favorably  with  Li  MoS«,  especially 
considering  their  higher  operating^voltage;  however, 
on  a  volumetric  basis,  Li  MoS,  and  other  inorganic 
insertion  compounds  posses  a  distinct  advantage. 

The  major  advantage  of  conducting  polymers  appears 
to  lie  with  their  polymer-like  mechanical  properties 
which  provide  the  capability  of  high  cycle  life. 

In  order  to  take  advantage  of  the  fundamental 
properties  of  conducting  polymers  while  still  main¬ 
taining  high  cycle  life  we  have  developed  composite 
negative  electrodes  (10,11)  which  utilize  conductive 
polymers  as  a  binder  for  alkali -metal  alloys.  These 
electrodes  combine  high  volumetric  capacity  with 
high  cycle  life.  Cells  based  on  the  couples  Na/Pb 
vs.  Na  CoO-  and  Li/Pb  vs  Li  Vfi0j3  have  been  con¬ 
structed.  ^Such  cells  packaged  In  AF-size  welded 
steel  cans  have  to  date  demonstrated  energy  densi¬ 
ties  in  the  range  60  to  75  mWh/g  and  150  to  175  , 

mWh/cnr  with  values  up  to  100  mWh/g  and  250  mWh/enr 
possible  in  the  near  future. 


Another  opportunity  for  the  use  of  conductive 
polymers  lies  with  their  catalytic  properties.  In 
work  carried  out  at  the  U.S.  Naval  Research  Lab., 
conducting  polymers,  for  instance,  show  promise  for 
use  as  a  substrate  for  the  reduction  of  thionyl 
chloride  in  lithium  primary  cells.  More  recently, 
work  at  the  U.S.  Army,  LABC0M,  at  Ft.  Monmouth,  N.J 
has  shown  that  conductive  polymers  can  catalyze  the 
reduction  of  SO-  and  the  reoxidation  of  the 
discharge  products  in  secondary  Li/SO^  cells  (12). 


TABLE  1  -  CAPACITIES  Of  POLYMERS  THAT  UKQERGO  REVERSIBLE  0XiDAT;3N 


POLVACETVLENE 

mt 

POCWRROLE 

{C4m3N)k 

POLYANILINE 

<w. 

Ci/oS, 

MAX  REPORTED  MO.  OF 

0.09 

0.33 

0  5 

0  3 

CHARGES  PER  REPEAT  UNIT 

MID-DISCHARGE  VOLTAGE 

3.5 

3.3 

3  4 

1  9 

(vs.  ll/ll*) 

GRAVIMETRIC  CAPACITVi{Ah/g) 

0.12 

0  .095 

CIO 

0.13 

VOLUMETRIC  CAPAC|TYb(Ah/cm3. 

I  C.  14 

0.12 

0  13 

3  6 

(») Including  th«  Wight  of  BF4-  »nions  for  the  polymers 
\b)6tse<J  on  th«  limiting  density 
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Introduction 

Several  years  ago,  polyacetylene  [(CH)X]  was  widelv 
investigated  as  a  possible  electrode  material  for  non- 
aqueous  batteries.  The  form  of  polyacetylene  studied  at 
that  time  was  synthesized  by  the  so-called,  Shirakawa 
technique.  Shirakawa  polyacetylene  [S-(CH)X]  stimulated 
considerable  interest  in  this  simplest  of  conjugated 
polymers  [1]  Regrettably,  its  instability  and  modest  energy 
density  limited  its  potential  applications. 

Recently,  new  research  by  Naarmann  and 
Theophilou  (2,3]  has  produced  an  ultra-pure  form  of 
polyacetylene,  so-called  N-(CH)X,  which  has  a  far  lower 
concentration  of  chemical  detects  than  S-(CH)X.  Another 
distinctive  feature  of  N-(CH)X  is  its  regular  crystalline 
structure.  Doped  forms  of  N-(CH)X  have  exceptionally  high 
electrical  conductivities,  on  the  order  of  10s  (ohm-cm)-1  [4], 

It  is  possible  that  the  high  purity  and  more  regular 
structure  of  N-(CH)X  may  enhance  its  electrochemical  and 
chemical  stabilty  and  make  it  possible  to  achieve  higher 
levels  uf  oxidation  and  reduction  than  have  been  attained 
with  S-(CH)X.  This  paper  presents  one  of  the  first  studies  of 
the  the  electrochemical  oxidation  and  reduction  reactions  of 
N-(CH)X  as  well  as  insight  into  tne  general  chemical  and 
electrochemical  stability  of  this  new  material.  Particular 
attention  is  focused  on  the  question  of  whether  N-(CH)X 
may  be  more  useful  for  battery  applications  than  was  S- 
<CH)X. 
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The  use  of  V6Oi.t  as  a  cathode  material  in  non- 
anueous  lithium  secondary  batteries  was  originally  reported 
|,v  Murphy,  et  al.  in  1979  1 1 1.  Subsequently,  the  l.i/VflO|  s 
couple  has  been  the  subject  of  intense  research  by  various 
groups  12-01.  From  a  secondary  battery  application,  the  key- 
areas  of  interest  for  the  cathode  is  defined  by  high  electronic 
conductivity,  high  reversibility,  high  diffusivity  (leading  to 
high  power  densities),  wide  composition  range  (allowing 
high  cell  capacities)  and  minimal  structural  change  with 
composition,  and  in  this  respect  lithium  satisfies  most  of  the 
criteria.  The  theoretical  energv  density  of  the  l.i/VhO| ; 
couple  is  890  Wh/kg,  which  is  considerably  greater  when 
compared  *o  some  of  the  other  ntcrealation  cathodes  such  as 
TiSsl.  This  value  together  with  the  relative  ease  of 
manufacture  of  V60|t  makes  n  a  highly  promising  cathode 
material  in  rechargeable  lithium  batteries.  However,  the 
safety  and  cycle  life  of  ambient  temperature  secondary 
lithium  batteries,  usually  associated  with  the  high  reactivity 
of  elemental  lithium  anode,  poses  a  serious  problem.  This 
mav  he  overcome,  however,  hy  finding  alternative  anodes 
which  may  be  more  stable  and  have  reasonable  energy- 
densities. 

So  far  there  is  no  report  in  the  open  literature  on 
intercalation  studies  pertaining  to  cations  other  than  lithium. 
It  would  be  highly  desirable  if  V'nOit  was  reversible  to  other 
cations  from  a  battery  technology  viewpoint. 

Previous  emphasis  has  been  placed  on  studying 
polycryslalline  Vf,0|t.  In  order  to  establish  fundamental 
properties,  single  crystals  need  to  he  investigated. 

In  this  laboratory,  the  process  for  growing  large 
single  crystals  has  now  been  well  established.  The  tirsi  part 
of  the  investigation  was  to  reproduce  the  work  already 
performed  for  Li*  insertion  into  the  single  crystal  material. 
This  was  completed  successfully  by  utilizing  cells  made  ol  a 
lithium  anode,  a  V,,On  single  crystal  as  cathode  and  IjflOj 
dissolved  in  propylene  carbonate  (PC)  as  the  electrolyte. 
T'hermodvnamic  FMF  ys  composition  curve'  obtained  hy 
titrating  lithium  ions  into  the  cathode  were  consistent  with 
literature  values. 

The  work  has  now  been  extended  to  include  anodes 
such  as  Zn,  C u.  Mg.  Na  and  C'a.  The  initial  results  indicate 
that  Zn  and  Cu  may  he  inserted  and  removed  reversibly  from 
the  VftOn  cathode. 
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The  extreme  reactivity  of  the  Li  anode  with 
organic  electrolytes  has  prompted  a  search  in  recent 
years  fnr  chemical  additives  which  can  be  added  in 
relatively  low  cone eri  l  rat  (on  (o  the  bulk  electrolyte. 
These  additives  are  thought  to  enhance  the  cyclea 
bilily  Of  the  Li  electrode  by  a  variety  of  mechanisms 
including: 


•  film  formation  on  Li 
0  free  radical  scavenging 

,  neutralization  of  acidic  cathode  impurities 

,  depolarization  of  electrode  processes 

,  adsorption  of  unreactive  spe  ios  between  I.i 
rind  electrolyte 


While  several  patents  are  held  on  substances 
which  are  thought  to  art  > /»  each  of  these  mechanisms, 
it  is  not.  dear  in  what  elo.  trolvte  systems  they  nun 
he  most  effectively  employed  ot ,  in  fact,  if  the  pi  a 
posed  mechanisms  are  correct . 

Many  of  these  recent  ly  patented  add  it  tv—  'f've 
I, eon  studied  in  non  ethci  eln.  trolytes,  whi.h  for  the 
most  putt  give  Li  c>.  Inability  i.iferto,  to  tint' 
obtainable  in  ether  ele.  trolytes.  We  have,  >h-iefo", 
tested  them  in  ether  systems  to  expand  our  undet 
standing  of  their  appliiabilily  nnd  I"  rank  ’hen 
f  f-l.jtivc  iveness. 

We  used  II  Common  half  cell  test  vehicle  design 
which  focuses  ell  interactions  with  the  Li  anode 
Since  half  cell  cy.  I  mg  tests  eliminate  complex,  ie* 
arising  from  the  cathode  chemistry,  they  are  only 
uk. -fill  lot  addressing  issues  involving  elect  roly  e 
and  anode  related  .-ell  failure  modes.  Ext rapol at  ion 
>„  full  cell  cycling  IS  not  appropriate  except  in  the 
sense  that  a  major  positive  effe.  t  HI  «  hair  "'ll 
merits  full  cell  evaluation,  certain  selected  add. 
fives  we  I  e  therefore  also  evaluated  111  LlTlS.  fu.l 
cells  containing  THF  or  2  MoTHF  I  .Ms*.  electrolytes. 

The  half  cells  were  all  of  identical  design, 
containing  Id  ml  of  I.SM  I.MsF,  'THF  electrolyte  with 
various  additives.  An  initial  plate  of  r.  -  coulombs 
cm-  '  c  'cm'  was  plated  from  a  ill  <V  strip  of  10  mil 
Ll  onto  stainless  steel  separated  by  Celgnrd  -400  and 
held  unde,  mild  compression.  Initial  deposits  nt  both 
1  nr,  rog/,  m.  and  5  mA/cirn  were  studied.  Subsequent  ly. 
stripping  and  plat  in*  of  1.5R  c:.*  »t  *0.3V  was  per 
formed  until  polarization  to  1.5V  occurred  during  a 
stripping  cy.  le.  Full  cell  cycling  was  earned  out  it, 
our  standaid  2B0  mAhr  TiSz  cell  with  I.i/TiS.-  ratio  or 
•i  p  to  1  and  rye  led  at  40%  POD. 
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in vemuj \tion  or  mixed  sni  vfnt 
El  ELI  ROl  V  IBS  K»R  AMBIENT  TEMPER  A  J  UR  E 
SECONDARY  LITHIUM  CELLS 

IVII  Shen,  S  Suhbarao,  E  Deligia n ms, 
and  Li.  Halperl. 

Jet  Propulsion  Laboratory 
C«alifornia  Institute  of  Technology 
4800  Oak  drove  Drive 
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INI  Ro.d U c  no N 

The  practical  use  of  ambient  temperature  secondniy 
luhinm  cells  is  presently  limited  because  of  their 
poor  cycle  life  performance  and  rate  capability  « 1 1 
These  limitations  are  understood  to  be  mainly  due 
to  the  poor  '■'Mid ii ci i v ity  and  high  reactivity  of  the 
electrolyte  towards  lithium  We  aie  currently 

iiivestipatiug  a  number  of  mixed  solvent  electrolytes 
consisting  of  2- Methylteirahydrot  uran  <2  MeTHE* 
and  Telrahvdroluian  'THE*  as  base  solvents  to 
improve  the  performanre  capability  of  rl»e 
rec  ha  i  gen  hie  lithium  cells,  I  he  co  solvents 

included  m  (he  present  study  air  Ethylene 
Cai  bouate  'EC*.  Propylene  Carbonate  'PC*,  and  3- 
Methylsulfolane  '3  MeS»  I  he  paper  desciibes  the 
solvent  pn 1 1 f icat ion  methods,  physical  and 
electrochemical  properties  a. id  cycle  Me 
performance  of  the  various  mixed  solvent 
electi ol > t es  in v est (gated. 

EXPERIMENTAL 

I  he  mixed  solvent  electrolyte1-  invest  mated  cart 
be  bioadly  divuled  into  two  groups  I  he  base 
solvent  of  the  first  and  second  groups  of 
elec  holy  les  me  2  Mel  Ilf  and  I  HE,  respectively 
Et  .  PC.  ami  3  MeS  « .  <.  um  u  ,t>  il  .  co 
xolvenls/additives.  Preparation  of  the  electrolytes 

and  all  Hie  experiments  were  carried  oi.n  in  a  Aipon 
atmosphere  glove  box  at  ambient  tewtyraiure 
I  he  solvents  THE  and  2  Me!  HE  weie  dned  over 
C’alH  and  distilled  under  Ar  at  reduced  pressure 
3  MeS  was  ptmfied  accoiding  to  Hie  procedures 
icported  previously  '3'.  PC  was  purified  accoiding 
to  the  methods  reputed  in  the  literature  <4>  EC 
was  purified  by  drying  over  P2O5  and  vacuum 
drstfJJatn'm  <4*  T  he  L»AsE^  was  used  a-  teceived 
from  US  Steel  Agri  chemicals  and  the  electrolyte 
salt  concentration  was  I.5M 

I  he  density,  conductivity,  and  viscosity  of  the 
electrolytes  were  measured  at  room  temperature 

Cyclic  voltammetry  was  used  to  determine  the 
electrochemical  window  of  ermh  electrolyte  I  he 
stability  of  the  electrolytes  towards  lithium  was 
evaluated  by  the  base  line  'mage  tests  and 
microcalor  imetry  Samples  of  electrolyte  and 
ficshly  scratched  Li  foil  were  incubated  in  Teflon 
line  screw  cap  culture  tubes  Visual  observations  of 
lithium  and  electrolyte  condition  were  noted 
periodically  Her meticallv  sealed  lilhium  hall  cells 
were  used  m  Hie  microcaforimetr v  sf  times  f  he 
heat  evolved  from  Hit*  half  cell  was  measured 
periodically  at  ambient  1  e  111  pe  1  a  1  11  r  c 
Electrochemical  impedance  spectroscopy  was  used  to 
study  the  c In  1  acter istics  of  Hie  surface  him  formed 
011  Hie  lithium  electrode 

Sealed  experimental  Li  TiS>  cells  were 
tahricated  and  cycled  to  100%  DOD  to  rfelermme  the 
cycle  lilc  performance  and  lithium  cycling 
efficiency  (-ells  employed  in  this  study  had  a 
theoretical  capacity  of  about  200  mAh  These  cells 


were  cathode  limited  by  design  and  the  anode  fo 
cathode  capacity  ratio  was  10:1  Each  ceH 

contained  4  ml  of  ,he  elecirolyie  under  study 
L’ailtodes  were  fabricated  by  a  blushing  techuitpie 
using  TiSv  prepared  m  house  and  EPDM  binder1 2* 
A  porous  polypropylene  film  H.’elgaid  24nb'  was  used 
as  the  separator  (.distant  current  method  was 
used  for  discharging  and  charging  ?he  ce)J>  Jbe 
cur  lent  densities  were  2  and  I  111 A /cm-  for 
discharging  ami  chaiging  respectively  1  lie  cells 
were  cycled  between  I?  and  2"  V  at  .00111 
temperature 


RISSUU  S  A  ND  Discussion 

Density,  conductivity,  and  viscosity  ol  the 
various  mixed  solvent  electrolytes  studied  are  given 
111  lable  |  Front  the  table  it  can  he  observed  that 
addition  of  EC  and  PC  to  THE  and  2  MrlHF  base 
electrolytes  results  in  increasing  the  conductivity 
ami  viscosity  Approximately  80%  improvement  in 
conductivity  was  ohseivcd  due  to  the  addition  of 
ID'S-  EC  01  I’C  to  ISM  l  iAsEb  2  Mel  HE  electrolyte 
I  lie  higher  '••■•id  uctivitv  of  E’C/2  Me  THE  is  m;»i::lv 
due  10  the  combined  effects  ol  the  high  dielectric 
constant  of  EC  and  the  low  visc.kiK  .0  2  Mel  HE 

Addition  ol  1  MeS  to  2  Me  I H I  d  1  I  not  re^- 
"*  improving  the  conductivity  signiln.  mtiv  I1 
i"«v  he  due  t<i  the  high  viscosity  of  the  »  MeS  • 
MclIlE  elecliolyte  Marginal  improvenuMit 

■•■udticMMiy  was  only  observed  by  adding  Id’  or  Pi 
ISM  LtAsEp/VHH  electrolyte  Sum  ■ 

eficial  results  are  observed  by  adding  EC 

MelllE-TlIE  mixed  electrolyte.  I  lec»roly*e; 

cmi'-unrrip  EC  or  PC  showed  similar  visrosi!) 

Mel  HE  •  '  MeS  electrolyse  has  the  highest 

■  ty  among  the  electrolytes  investigated 
(tensity  changes  among  the  elcctrolyie*  .ne  not 
sign  1 1  tea ut 

Stability  of  the  electrolytes  mwanD  lithium 
was  investigated  by  1111c  rocalorimct  1  v  Eieute  1 
gives  the  beat  output  as  the  function  time  ’or 
1 11  ice  tt.ii.lcd  elc  Toly*'  r,'e  hioUest  heat  output 
<13  microwatts  alter  3'*  bolus’  was  shown  by  1  h e 
cells  containing  ISM  LiAsE^/THE  electrolyte  this 
is  ilue  to  the  high  reactivity  of  I  HE  with  lithium 
The  ISM  LiAsEpC  Mel  HE  showed  lower  heat 
output  compared  to  the  THE'  elect'  dvte  I  he  iie.at 
output  alter  50  hours  is  approximately  '  microwatts 
Addition  of  EC  was  foumf  to  intpio-.  e  Hm  >rth|lin 
of  the  2  Me  I  HI-  based  elecliolyte  '  pm  sowatf- 
after  SO  hours’  !;r<»m  the  results  o  -an  be 

protected  that  EC  2  Mel  III  ele»-n  •  l v * «•  mm  have 
the  highest  eyrie  hie  compaicd  '  Hu*  -t  lie 
elect  1  olytes 

Cy-lc  life  perfoimance  ,>t  the  o\;  ooimviii  t|  1  • 

1  iS->  cells  activated  with  d»f  ter  pm  elrcj.'olvtes  o 
being  evaluated  1  lie  electioktes  eont  lining  l:(' 
have  shown  better  cycle  life  pe  1 1  ot  nn  tve  .ompateil 
to  the  ones  without  EC  Anton';  the  EC  containing 
electrolytes,  the  best  cycle  life  pc  1 1  >0  m  *  lice  was 
shown  by  15  M  1 . 1  A  s  Eb  / 10'"  •  Q0'~  2  Mel  Ml  I  hese 
eelh  have  *ost  only  about  15'1  ol  lEeu  -'a  pad  tv 
after  completion  of  120  cycles  These  lesulr.  ire 

consistent  with  the  predictions  *  tom  the 
1111c  r  oca  lor  1  met  1  y  data  Hence  we  feel 

microcaloi  iinei  i  y  is  a  useful  tool  tv*  screen  the 

candidate  electrolytes  I  he  cycle  life  evaluation  of 
these  cells  is  still  Conti  11  uirtg 

We  will  desoihe  the  results  .1  ,nu 
investigation  and  the  oha  1  acter  traf  tort  of  various 
mixed  solvent  electrolytes  lor  ambient  temper  nine 
secondary  lithium  cells  Attempts  will  be  made  to 
relate  the  cycle  life  data  to  the  physical  and 
chemical  properties  ol  the  electrolytes 
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TABLE  i  PHYSICAL  PROPERTES  OP  ELEC^OL  t^ES 


Electrolyte 

DENSITY 

{a/m) 

VISC03TY 

COMXiCTiy- 

iOO%2MeT>-F 

1.07 

3.96 

3  4C 

1 0%EC-9C%2MeThF 

M2 

495 

6.-7 

30VoEC  *70%2MeTi-E 

1  19 

4  96 

821 

i0%PC+9O%2MeTi-F 

i  12 

2  32 

6  08 

25  *A3iyieS+ 7  5%2MeTHF 

Ml 

1038 

3.60 

-  OOVBTi-F 

1.10 

— 

13.72 

1 0%EiC+  90V.  The 

1.14 

— 

1463 

10V> c-  90VeTVE 

124 

2  50 

•4  56 

50%THF+50%2MeThF 

1.07 

— 

e.s^ 

‘  ?%EC-A5%"rHF-‘45«/o2?.^?T'-E  '  «o 

_ 

TIME  (HRS) 


Figure  1.  Microcalorimetry  study  of  electrolytes 
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Elect rochomical  Oxidation  of  Lithium  bromide 

in  I.  IAsF.  /Tet  rahvdrofuran  Solutions 
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INTRODUCTION 

Recently,  there  h,'.c  been  considerable  interest  in 
providing  an,  in-si tu,  electrochemic.il  mechanism  that 
would  prevent  the  oxidation  of  organic  solvents  during 
the  overcharging  operations  of  the  rechargeable  1  ithium 
batteries-  !n  this  connection,  the  use  of  electrolyte 
additives,  such  as  lithium  iodide,  has  been  suggested 
(1).  In  order  to  determine  the  feasibility  of  using 
lithium  halides  as  electrolyte  additives  to  provide 
overcharge  protection  for  rechargeable  lithium  batter¬ 
ies,  we  have  studied  the  anodic  oxidation  of  lithium 
iodide  and  lithium  bromide  in  tetrahydrofuran  (THF) 
solutions.  The  results  on  the  kinetics  of  the.  iodide/ 
t  ri iodide/ iod ine  redox  reactions  on  platinum  electrode 
were  recently  reported  '2).  In  this  paper,  we  report 
on  the  electrochemical  oxidation  oi  lithium  bromide  at 
classy  carbon  and  pyrolytic  graphite  electrodes  in 
1 . 5M  LiAsK^/THF  solut ions  using  the  rotating  disk  and 
rotat’n;;  .ing-disk  electrode  techniques. 

RESULTS  AND  DISCUSSIONS 

The  anodic  oxidation  of  lithium  bromide  lias  be»-n 
previously  studied  by  Iwasita  and  Giordano  (3)  at 
rotating  platinum  disk  electrodes  in  acetonitrile 
«o lotions.  These  workers  found  that  the  bromide  ion 
was  first  oxidized  to  the  tribromide  ion  which  was 
Chen  further  oxidized  to  bromine: 

3  Rr"  - >  Br^-  +  V  (1) 

?  br3"  - »  3  ”.r2  +  2©  (2) 

The  stoadv-scate  polarisation  curves  at  glassy  carbon 
and  pyrolvtic  graphite  rotating  disk  electrodes  in 
l  .  5,M  LiAsFfj/THF  solutions  containing  lithium  bromide 
also  exhibited  two  limiting  current  waves  corresponding 
to  the  stepwise  oxidation  of  the  bromide  ion  to  the 
tribromide  ion  and  bromine,  respectively.  The  limiting 
currents  for  both  current  waves  increased  with  in¬ 
creasing  lithium  bromide  concentration  as  well  as  with 
increasing  electrode  rotation  speeds.  The  diffusion 
co-ef f icienrt  of  the  bromide  ion  was  calculated  from 
the  limiting  currents  and  fotmd  to  be  2.hh  x  10“6  cm-’/s . 

The  tribromide  ion  was  found  to  react  with  the 
tet rahyd r >f uran  solvent  at  the  electrode  surface  re¬ 
sulting  in  the  deposition  of  a  polymeric  film,  so  that 
the  first  current  wave  in  the  polarization  curves  ex¬ 
hibited  slight  hysteresis  when  the  potential  Was  swept 
back  to  the  initial  value.  The  bromine  formed  in  the 
second  step,  on  the  oilier  hand,  dissolved  In  the  elec¬ 
trolyte  and  thus  did  not  react  with  the  solvent  at  the 
electrode  surface.  Therefore,  tin*  second  current  wave 
in  the  po  1  ar  i /.at  ion  curves  did  not  exhibit  anv  signifi¬ 
cant  hysteresis  on  the  reverse  scan. 

The  ring-disk  d«.«. . rode  experiments  using  either 
the  glassy  carbon  ring-disk  electrode  or  the  platinum 
r ing-pyrolyL ic  graphite  disk  electrode  showed  that 
only  the  tribromide  ion  was  detected  at  the  ring  eler- 

•  veil  in  the  nol  »*iit  iai  range  whore  bromine  was 
forme*!  at  the  disk  electrode.  Thus,  in  the  presence 
of  excess  lithium  bromide,  bromine  combines  with  the 
bromide  ions  in  solution  to  form  the  tribromide  ion 
whiih  s  then  i  Minted  at  the  ring  electrode  and 


reduced  to  the  bromide  ion.  This  behavior  is  consis¬ 
tent  with  the  high  formation  constant  of  the  orde**  ef 
It)7  reported  for  the  tribromide  i  nr.  i,,  organic  sol¬ 
vents  (4). 

The  collection  efficiencies  _r  the  ring  electrode 
were  measured  ar  various  potentials  and  electrode  iuta 
t inn  speeds  from  the  ring  current-disk  potential  and 
disk  current-disk  potential  curves.  Because  of  the 
react,  ion  of  the  tribroraidi  Ian  with  the  electrolyre  at 
the  disk  electrode,  the  amount  of  the  tribromide  ion 
detected  at  the  ring  electrode,  in  the  potential 
range  of  Lhe  first  current  wave,  was  smaller  than  pre¬ 
dicted  hv  the  theory.  On  the  other  hand,  the  ring 
collection  efficiencies  at  disk  potentials  in  the 
region  of  the  second  current  wave  were  close  to  the 
collection  efficiency  calculated  (5)  from  the  geomeiri 
dimensions  of  the  ring-disk  elect  rod©  and  were  also 
independent  of  the  electrode  rotation  speeds.  There¬ 
fore,  it  appears  that  the  homogenous  reaction  of  the 
Lribromidt*  ion  with  the  tetrahydrofuran  solvent  is 
slow  compared  to  the  time*  scale  of  the  rotating  ring- 
disk  electrode  experiments.  Nevertheless,  solutions 
of  bromine  in  tetrahydrofuran  were  not  found  m  be 
s*- able  even  in  the  presence  «>f  excess  lithium  bromide. 
Thus,  the  reactivity  of  the  tribromide  ion  as  well  as 
bromine  towards  tetrahydrofuran  precludes  the  u*>e  of 
lithium  bromide  as  an  additive  to  provide  overcharge 
protection  for  rechargeable  lithium  batteries  which 
use  electrolytes  based  on  tetrahydrofuran  as  the 
solvent . 
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Studies  of  metal  halide,  e.g.,  CuCl?  cathodes 
in  inorganic  $02-based  electrolytes  were  carried 
out  in  comparison  to  high  surface  carbon  cathodes 
in  rechargeable  lithium  cells.  A  CuCl2  cathode 
can  provide  higher  volumetric  energy  densities 
compared  to  high  surface  area  carbon  black  (e.g., 
Ketjenblack)  cathodes,  e.g.,  0.25-0.  30  AH/cc  of 
cathode  volume. 

Preliminary  cycling  tests  on  CuCl?-Li  were 
conducted  to  an  8U-9Q7,  depth  of  discharge  at  a  3 
hour  rate  to  a  2.0  V  cutoff.  Fig.  1  illustrates 
Cycle  #4  (at  a  discharge  current  density  of  1. 35 
mA/cm2y~and  Cycles  #67  and  #103  at  a  discharge 
current  density  of  2.05  mA/ cm2 .  On  the  basis  of  a 
2-electron  discharge  and  the  weight  of  active 
cathode  materials,  (0.400  AH/g  of  CuCl2 )  the  cell 
had  a  theoretical  capacity  of  112  mAH.  As  can  be 
seen,  the  initial  cycle  at  a  lower  current  density 
resulted  in  an  897  capacity  utilization  and  the 
other  two  cycles  yielded  64  ■'  and  50 7  respectively 
of  the  theoretical  faradaic  capacity,  at  the  some¬ 
what  higher  current  density. 

The  cupric  chloride-Li  cells  also  showed  a 
remarkable  high  current  density  capability  as 
shown  in  Fig.  2.  The  cell  has  an  open  circuit 
voltage  of  3.  5fr  V  and  was  scanned  to  103  mA/cm2  at 
which  point  the  cell  voltage  dropped  to  ^2  V.  At 
this  point,  it  yielded  a  remarkably  high  power 
density  of  227  milli  watts/cm2.  Even  at  20  mA/cm2 
the  cell  voltage  was  still  3.2  V.  It  should  be 
pointed  out  that  this  test  was  not  carried  out  on 
a  virgin  cell  but  prior  to  the  discharge  in  Cycle 
#5.  Throughout  the  test  range,  the  cell  voltage- 
current  density  curve  remains  essentially  linear. 
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loss  of  lithium  capacity  due  to  corrosion  and/or 
Isolation,  additional  negative  capacity  must  be 
provided  to  ensure  desired  cycle  life  performance.  A 
mathematical  model  of  constant  current  time  limited 
cycling  permits  elucidation  of  the  relationship  among 
electrode  balance,  depth  of  discharge,  electrode 
cycling  efficiency  and  cycle  life. 


INTRODUCTION 

The  Impetus  for  R&D  programs  on  rechargeable 
lithium  technology  In  Industrial,  government, 
contract  research,  and  academic  labs  Is  easy  to 
rationalize.  Modern  consumer  and  military 
electronics  stress  portability  and  miniaturization. 
The  more  sophisticated  consumer  Is  confronting  the 
cost/convenience  tradeoff  embodied  In  the 
availability  of  both  primary  and  rechargeable 
batteries.  These  and  other  factors  provide  the  basis 
for  optimistic  projections  of  the  future  rechargeable 
battery  market  as  a  whole.  Since  lithium 
rechargeable  systems  have  advantages  In  a  number  of 
areas  (e.g..  weight,  energy  density,  charge 
retention).  It  Is  expected  that  they  can  participate 
In  this  growing  market. 

This  paper  deals  with  work  on  systems  based  on 
organic  and  Inorganic  liquid  electrolytes  as  well  as 
polymer  electrolyte  systems.  Programs  In  Industry, 
government,  academic,  and  contract  research  labs  Is 
reviewed.  A  comparison  of  materials  and  systems 
under  a  consistent  set  of  construction  assumptions  Is 
presented.  The  problem  of  electrode  Inefficiency  Is 
discussed  and  Impact  on  cycle  life/energy  density 
characteristics  Is  treated. 

DISCUSSION 

A  partial  listing  of  participants  In  the  research 
and  development  effort  on  rechargeable  lithium 
batteries  Is  presented  as  Table  I. 


Much  In  the  way  of  excellent  progress  and 
Innovation  has  resulted  from  these  programs.  Many 
detailed  examples  can  be  cited. 

A  theoretical  comparison  of  a  number  of  the  more 
Important  electrochemical  system  can  be  made, 
calculations  based  on  material  properties  provide 
theoretical  primary  and  secondary  energy  densities. 
Based  on  the  assumption  that  In  a  present  state  of 
the  art  high  surface  area  spiral  wound  cylindrical 
rell  construction,  the  active  materials  occupy  about 
25%  of  the  total  cell  volume,  practical  calculated 
energy  density  values  can  be  put  forth.  Table  II  Is 
submitted  as  a  comparison  of  a  number  of  candidate 
systems. 

Involved  In  the  calculation  of  the  theoretical 
secondary  energy  density  Is  the  negatlve-to-posltlve 
balance  to  which  the  cell  Is  built.  The  literature 
Is  replete  with  references  to  problems  associated 
with  lithium  replating  Inefficiency.  Because  of  the 


N  >  R  -  D 

D(l-e-)  ♦  D?( 1 -e*) 


where  N  Is  the  number  of  cycles,  R  Is  the  negative  to 
positive  ratio,  D  Is  the  depth  of  discharge  (based  on 
positive  electrode  capacity),  and  e  and  e*  are 
negative  and  positive  cycling  efficiencies 
respectively.  Figure  I  shows  the  graohlcal 
relationship  between  cycle  life  and  depth  of 
discharge  for  a  generic  system  with  negative 
efficiency  of  97.5%  positive  efficiency  of  99.5% 
with  negative  to  positive  ratios  ranging  from  2:1  to 
4:1.  The  Importance  of  continued  work  In  the  area  of 
electrolyte  stability  and  electrode  cycling 
efficiency  Is  underscored  by  this  exercise. 

TABLE  I 


COMMERCIAL 


Organization 

AT&T  Bell  Labs 
Eveready 
Fuji 

Hitachi  Maxell 
Matsushita 
Moll  Energy  Ltd. 

NT&T 
SAf  T 

Sony  Energytec 
W.R.  Grace 
AMOCO 

Ballard  Research,  Inc. 
Combustion  Engineering 


System 

Ll/organ1c/NbSe3 
Ll/organlc/TIS? 
Ll/organ1c/Mo03 
LI-Al/organlc/TlS? 
Ll-al loy/organlc/ACF 
LI/organlc/MoS? 
Ll/organlc/a- V?0s-P?05 
L1/organ1c/V?05 ,Mo03 
L1/organ1c/L1xMn02 
LI/organlc/TIS? 
LI/SO2/C 
L1/SO?/C 
LI /polymer /MX 


CONTRACT/GOVERNMENT 


SOHIO 
Varta/BASF 
Bridgestone/Seiko 
AERE  et.al. 

Altus  (Duracell) 
Covalent  Associates 
EIC 

Honeywell 

Hydro  Quebec ,  et.al. 
J  PL 

NSWC 


LI/polymer/Mx 

Ll/organlc/polymer 

LI-Al/organlc/polyanl line 

L1/po1ymer/V6013 

L1/L1A1C14:S02/CuC12 

Ll/organic/MX 

Ll/organlc/TISj 

Ll/organlc/VpOs 

L1/polymer/l IS^.MnO? 

L 1 /organ Ic/T IS?, NbSe3 
LI/SO2CI2/C 


M 


UNIVERSITY 

U.  Penn. 

Zn/aqueous/polyanl  line 

LI /organ 1c /polyacetylene 

Northwestern  U. 

LI/polymer/TIS^,  VpOj 

U.  Rome 

Ll/polymer/MX 

U.  Munich 

LI-Al/organlc/MX 

Imperial  College 

L1/polymer/V6013 

Tech.  U.  Denmark 

U/polymer/V60i3,  TIS2 

TABLE  II 

RECHARGEABLE 

LITHIUM  SYSTEMS  COMPARISON 

Energy  Density 


Material 

Primary 

Theory 

Secondary 

Theory 

Secondary 

Practical 

T1S? 

19.3 

12.5 

3.13 

MoS? 

17.1 

10.9 

2.73 

a-MoSj 

24.6 

14.2 

3.66 

V205 

18.4 

13.3 

3.31 

V4O9 

28.1 

16.3 

4.08 

V6013 

20.4 

13.4 

3.35 

V6013 

34.4 

18.2 

4.56 

VO.5CrO.5S? 

24.1 

14.9 

3.12 

VO.25CrO.75S2 

24.1 

14.9 

3.72 

a-V2S5 

28.2 

15.4 

3.84 

CuS 

20.7 

12.0 

3.01 

X-MnOj 

38.9 

21.7 

5.43 

L1Mn204 

22.4 

15.2 

3.80 

NbSea 

26.2 

14.1 

3.52 

Cr308 

32.4 

19.8 

4.95 

M0O3 

28.9 

16.9 

4.22 

CYCLE  UFE  vs .  DEPTH  OF  DISCHARGE 
NEG .  EFF  -97.5%  POS  EFF .  -  99 . 5% 

- -  KATIu  -  -  l 

.  -  I  i 


V-, 


'  ni  u  J 

€ VEREADy  DEPTH  OF  OiSCHAROC 

Fig.  I:  Dependence  of  cycle  life  on  depth  of 
discharge  as  a  function  of  negative- 
to-posltlve  ratio.  Assumed  negative 
efficiency  =  97.5%;  assumed  positive 
efficiency  =  99.5%. 
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NEW  MOLYBDENUM  CHALCOGENIDES  AS  CATHODES 
FOR  RECHARGEABLE  Li  BATTERIES 

0.  M.  Pasquariel lo,  E.  B.  Willstaedt  and  K.  M.  Abraham 

EIC  Laboratories,  Inc. 

Ill  Downey  Street 
Norwood,  MA  02062 

INTRODUCTION 

A  recent  interest  of  our  laboratory  has  been  the 
investigation  of  novel  molybdenum  chalcogenides  for 
use  as  secondary  Li  battery  cathodes.  This  interest 
grew  out  of  our  earlier  work  with  M0S3  (1,2)  in  which 
we  observed  a  high  initial  capacity  (>2  Li/Mo),  but 
rapid  capacity  loss  as  cycling  proceeded.  Alternate 
molybdenum  chalcogenides  with  higher  capacity  and 
improved  rechargeabi 1 1 ty  have  been  sought.  Some  of 
the  results  of  this  research  are  presented  herein. 

EXPERIMENTAL 

The  molybdenum  oxysulfides  MoOS?  and  MoO?S  were 
prepared  by  the  decomposition  of  (NH4)?Mo0?S2  and 
(NN, ) 2Mo0jS,  respectively,  at  ^300°C  in  an  Argon  at¬ 
mosphere.  MoSe3S  was  obtained  as  a  precipitate  when  a 
50:50  (v/o)  mixture  of  H2S  and  H?$e  was  bubbled 
through  a  solution  of  ammonium  molybdate  in  NH3(jvj) 
(3,4).  iio5,  w»c  orepared  by  thermal  decomposition  of 
(NH., )  M0S4  (5)  . 

X-ray  diffraction  was  used  to  determine  the  amor¬ 
phous  nature  of  the  solids,  and  their  stoichiometries 
were  established  by  elemental  analysis.  Chemical  reac¬ 
tivity  with  Li  was  tested  by  using  n-butyl 1 ithium  (6). 
Electrochemical  evaluation  was  performed  using  labora¬ 
tory  test  cells  of  the  type  described  elsewhere  (3,4). 
A  tetrahydrofuran  (THF) :2-methyl -tetrahydrofuran 
(2Me-THF )- L i AsF6  mixed  electrolyte  was  used  (7).  The 
cell  configuration  was  L i/THF: 2Me-THF-LiAsF6  ( i . 5H ) / 
molybdenum  chalcogenide.  In  the  case  of  the  oxysul¬ 
fides,  the  cathode  composition  was  60  w/o  MoO, S3  ,:30 
w/o  C : 10  w/o  Teflon.  The  data  cited  here  for  MoS3  and 
MoSejS  were  collected  using  cathodes  containing  85  w/o 
of  the  chalcogenide: 10  w/o  C : 5  w/o  Teflon.  Basically 
similar  cycling  behavior  was  observed  for  cathodes 
containing  higher  amounts  of  carbon.  In  all  cases  the 
cells  were  cathode- 1 im i ted  and  electrolyte  flooded. 
Cel)  cycling  was  performed  galvanostatical ly  at  room 
temperature  between  the  limits  of  3.0V  and  1.6V. 

RESULTS  AND  DISCUSSION 

A1 1  of  the  molybdenum  chalcogenides  we  have  inves¬ 
tigated  are  amorphous.  MoOS-  and  Mo02S  were  prepared 
according  to  the  reactions  shown  in  equations  |1|  and 
(2|. 

300  °C 

(NH,,)vMo0,.S,  - ►  2NH(  ♦  H?0  ♦  MoOS 2  Ml 

300  °C 

(NH4)2Mo03S  - ►2NHi  +  H?0  ♦  Mo02S  I  2 1 

Flemental  analysis  showed  the  compositions  of  these 
materials  to  be  Mo0|  ?S]  /  and  MoOj , /SUt 9!) ,  respec¬ 
tively.  Reaction  of  the  oxysulfides  with  n-butyll ith¬ 
ium  indicated  that  the  maximum  Li  insertion  capability 
is  3.5  Li /Mo  for  Mo0S?  and  3.0  Li /Mo  for  Mo02$. 
lypical  cycling  curves  obtained  for  a  Li/Mo0b?  cell 
are  shown  in  Figure  1.  The  initial  discharge  capacity 
was  1.86  Li/Mo.  Approximately  2b%  of  this  capacity 
was  irrecoverable  in  the  first  charge  so  that  a  capac¬ 
ity  of  1.39  Li/Mo  was  obtained  in  the  second  dis¬ 
charge.  The  recharge  efficiency  was  100X  from  the 
second  cycle  to  the  last.  As  shown  in  Figure  2,  the 
capacity  fade  rate  of  the  Mo0$2  cathode  was  very  low 
from  the  second  cycle  onwards.  The  cycling  behavior 
ior  of  Mo0?S  resembled  that  of  MoOS,- .  As  the  data  in 


figure  2  show,  a  capacity  of  1.59  Li/Mo  was  obtained 
for  a  Li/Mo0?S  cell  in  the  first  discharge.  This 
decreased  to  0.95  Li/Mo  in  the  second  cycle;  but,  sub¬ 
sequently  the  capacity  fade  rate  was  very  low.  More 
than  150  deep  discharge/charge  cycles  have  been  demon¬ 
strated. 

In  Table  1  we  compare  the  first  discharge  capac¬ 
ities,  mid-discharge  potentials  and  quasi-theoretica 1 
specific  energies  of  the  molybdenum  oxysulfide  cells 
with  those  of  two  other  molybdenum  chalcogenide  Li 
cells  we  have  investigated,  namely  Li/MoS3  (?)  and 
Li/MoSejS  (3,4).  The  Li/MoSj  cell  has  a  very  high 
initial  specific  energy  of  720  Wh/kg.  However,  as  the 
cycle  life  data  in  Figure  2  show,  it  exhibits  the 
highest  capacity  fade  rate  of  the  four  molybdenum 
chalcogenide  cells.  The  Li/MoSe}$  cell  has  an  inter¬ 
mediate  rate  of  loss  of  capacity  per  cycle.  After 
about  100  cycles,  its  specific  capacity  was  about  the 
same  as  in  the  oxysulfides.  The  Li/  molybdenum  oxy¬ 
sulfide  cells  differ  substantially  from  both  the 
Li/MoS3  and  Li/MoSe3S  systems  in  that  they  maintain  a 
steadylevel  of  cathode  utilization  following  the 
first  cycle.  The  molybdenum  oxysulfides  seem  to  have 
paved  the  way  for  a  variety  of  hitherto  unidentified 
transition  metal  oxysulfide  cathodes  for  secondary 
1 ithium  batteries. 
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TABLE  1 

SPECIFIC  ENERGIES  OF  SECONDARY  Li  BATTERY  COUPLES 


Quasi  - 

Material  theoretical 

Utilization  Mid-  Specific 

(Li/mole  of  discharge  Energy 

Ce] l  cathode)  Voltage  (V)  (Wh/kg) 

li/MoS<  3.0  1.9  7?0 

l  i/MoSe,S  4.0  1  .  75  4/' 

l  i /MoOS,  1.9  1.9?  515 

L i /MoO ' 


1.6 


1 .9? 


466 


Specific  capacity  (Li/Ho)  Cel1  potential, 


3.0 


Cycle  number 


Fig.  2.  Capacity  vs.  cycle  number  for  molyb¬ 
denum  chalcogenides. 
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Niobium  triselenide  and  titanium  disulfide  are 
two  of  the  well  developed  positive  electrodes  for 
ambient  temperature  Li  rechargeable  cells.  Both  have 
ideal  layered  structure  for  reversible  intercalation 
of  large  amounts  lone  equivalent  in  TiS2  and  three 
equivalents  in  NbSea )  of  Li  at  high  positive  poten¬ 
tials  as  well  as  for  rapid  transport  of  Li  inside  the 
lattice.  Lithium- titanium  disulfide  and  lithium- 
niobium  triselenide  cells  thu  offer  high  energy 
densities  at  fair  to  good  power  densities  and  long 
cycle  life  and  hence  are  being  evaluated  at  JPL  for 
space  applications.  A  detailed  study  on  the  mechanism 
and  kinetics  of  NbSej  reduction  was  carried  out 
earlier  (1,2)  .  Here  we  report  the  results  of  a  com¬ 
parative  study  on  the  kinetic  parameters  as  well  as 
the  diffusion  coefficient  of  Li  in  TiSa  and  NbSei  . 

NbSei  and  TiSa  were  prepared  by  the  reaction 
between  chalcogenide  vapor  and  valve  metal.  TiSa 
electrodes  were  made  by  applying  the  paste  of  TiS2 
powder  and  EPDH  binder  (dissolved  in  cyclohexane)  onto 
an  expanded  Ni  screen  acting  as  current  collector. 
NbSej  electrodes  were  made  without  any  binder  as 
described  earlier  12,2}.  The  electrodes  w ere  tested 
in  glass  prismatic  cells  with  1.5  M  LiAsFe /solution  in 
2Me-THF  as  the  electrolyte  and  Celgard  3501  as 
separator.  All  the  operations  were  carried  out  in  an 
argon-filled  dry  box. 

Both  dc  and  ac  electrochemical  techniques  such  as 
linear  polarization,  linear  sweep  voltammetry  and  ac 
impedance  were  adopted  to  obtain  the  kinetic  para¬ 
meters  including  exchange  current  density,  transfer 
coefficient,  and  diffusion  coefficient.  Diffusion 
coefficients  of  Li  were  also  measured  from  chrono- 
amperooetry  13)  and  current-pulse,  open-circuit 
potential  relaxation  techniques  (4) . 

The  ac  impedance  spectrum  (Nyquist  plot)  of  TiSa 
(Figure  1)  contains  a  9ingle  relaxation  loop  corres¬ 
ponding  to  the  intercalation  of  (one  equivalent  of)  Li 
and  a  distinct  mass  transfer  impedance  characterized 
by  a  linearity,  with  slope  close  to  unity,  between 
real  and  imaginary  components  of  the  impedance.  The 
ac  impedance  spectrum  of  NbSei  is  rather  complex  with 
two  relaxation  loops  corresponding  to  the  two  steps  in 
the  reduction  of  NbSei  and  with  mass  transfer  polari¬ 
zation  also  setting  in  in  a  partially  discharged 
electrode  (1,2)  .  These  data  have  been  analyzed  to 
obtain  the  values  of  exchange  current  density,  cell 
internal  resistance,  and  diffusion  coefficient  of  Li. 

Linear  polarization  curves  yield  the  values  of 
charge  transfer  resistance  for  both  TiSa  as  well  as 
NbSei .  Linear  sweep  voltammetric  curves  of  TiSa 
(Figure  21  and  NbSei  (Figure  5  in  Reference  2) 
exhibit  limiting  current  at  overpotentials  i  500  mV 
characteristic  of  diffusion  governed  processes.  The 
kinetic  parameters  of  TiSa  have  been  directly  calcu¬ 
lated  from  the  Tafel  plot  corrected  for  mass  transfer 
polarization.  Analysis  of  the  linear  sweep  voltam¬ 
metric  curve  is  not  straight  forward  in  the  case  of 
NbSei  due  to  two  overlapping  charge  transfer  pro¬ 
cesses  and  was  carried  out  as  described  earlier  12). 


Finally,  chronoamperometric  curves  were  generated 
for  NbSe3  (virgin  as  well  as  partially  discharged!  and 
TiSa  by  applying  a  potential  corresponding  to  diffu¬ 
sion  limited  regime.  Also  open-circuit  potential 
relaxation  after  the  interruption  of  gal vanostatic 
pulse  was  monitored  (Figure  3)  to  calculate  the 
diffusion  coefficients  of  Li  inside  the  cathode.  All 
the  kinetic  parameters  thus  obtained  for  T1S2  and 
NbSei  are  tabulated  in  Table  1. 

ACKNOWLEDGEMENT 

The  woik  described  here  was  carried  out  at  the 
Jet  Propulsion  Laboratory,  California  Institute  of 
Technology,  under  contract  with  the  National  Aero¬ 
nautics  and  Space  Administration.  One  of  the  authors 
(B.  V.  Ratnakumar)  acknowledges  the  National  Research 
Council  for  providing  his  Research  Associateship 
during  this  work. 

REFERENCES 

1.  B.  V.  Ratnakumar,  C.  L.  Ni ,  S.  Di  Stefano,  R.  B. 
Somoano,  and  C.  P.  Bankston,  Proc .  Lithium 
Batteries,  Electrochemical  Society  Fall  Meeting. 
Honolulu,  HI,  October  19-23,  1987. 

2.  B.  V.  Ratnakumar,  C.  L.  Ni ,  S.  De  Stefano,  R.  B. 
Somoano  and  C.  P.  Bankston,  Submitted  for 
publ ication. 

3.  Allen  J.  Bard  and  la*ry  R.  Faulkner,  "Electro¬ 
chemical  Methods,  Fundamentals  and  Applications,” 
John  Wiley  &  Sons,  Inc.,  New  York,  1980,  Ch.  5 
and  references  therein. 

4.  S.  Basu  and  W.  L.  Worrell,  in  J.  N.  Mundy,  P.  D. 
Vashita  and  G.  K.  Shenoy  (Eds) ,  Fast  Ion 
Transport  in  Solids,  North-Hoi  land.  Amsterdam. 
1979,  p.  149. 


‘Wv;  .  * v  *  *  w:  •»  .  1  *  ,4w,  :  ■* 


h'- 


t  r.u-l 
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li-alloy/FeSx  battery  cells1  with  molten  electrolyte 
currently  require  an  electronic  charge/equalizer  to 
protect  the  cells  from  destructive  overcharging.  The 
development  of  Li/FeSx  cells  which  are  overcharge 
tolerant  would  allow  the  elimination  of  electronic 
safeguards  and  aid  battery  development,  especially 
for  a  bipolar  design.  An  earlier  innovation  provided 
cells  that  could  be  overcharged  at  full  battery 
charge  current  for  a  finite  capacity.2  The  develop¬ 
ment  to  be  reported  on  here  is  an  additional 
unlimited  trickle-charge  tolerance.  The  mechanism 
behind  the  overcharge  tolerance  involves  dependence 
upon  a  self-discharge  rate  controlled  by  the  activity 
of  the  Li-alloy  electrode.  The  proposed  "lithium- 
shuttle"  self -discharge  mechanism  involves  (1)  dis¬ 
solution  of  Li  at  the  Ll-alloy  electrode  surface, 

(2)  diffusion  to  across  the  separator  to  the  positive 
electrode,  and  (3)  discharge  of  the  Li*  (possibly 
Li2*)  co  reduce  the  positive  electrode  capacity.  We 
have  investigated  the  controlling  parameters  of  this 
mechanism,  «9  well  as  operated  compact  prismatic 
cells  to  exhibit  its  effectiveness. 

EXPERIMENTAL 

Parametric  investigations  of  the  lithium- shutt le 
mechanism  were  conducted  by  a  potent iometric  method 
using  a  three-electrode  cell  within  a  He  glovebox.  A 
Ll-alloy  working  electrode  (e.g.,  Li-Al,  LiAlSi, 
LiAlFe)  of  0.23  cm2  was  positioned  versus  a  counter 
electrode  of  Li-Al  or  FeS,  10  Ah,  in  about  100  g 
molten  salt  (e.g.,  LiF-LiBr-LiCl ) .  Using  a  PAR  173 
potent iostat ,  potentials  of  the  working  electrode 
were  maintained  In  a  range  of  0  to  -270  mV  versus  an 
a-Al+/JLi-Al  reference  electrode  to  establish  a  self¬ 
discharge  rate  for  a  set  of  physical  parameters 
(temperature,  electrolyte  composition,  etc.). 
Steady-state  se  1  f -discharge  rates  were  established 
for  >1/2  h  by  following  a  strip-chart  recording. 

Overcharge  tolerance  in  Li/FeSx  cells  was  evaluated 
by  galvanic  and  coulometric  methods.  The  overcharge 
tolerant  cells  have  Li-alloy  electrodes  which  are 
modified  to  exhibit  a  bimodal  stepwise  change  in  Li- 
activity.  Approximately  10Z  of  the  lithium  capacity 
of  the  Li-Al  electrode  was  replaced  by  Li-Al5Fe2.‘* 
These  compact  prismatic  bicells  (6-23  Ah  capacity) 
have  electrodes  that  are  8.7-cm  high  x  6.3-cm  wide. 
The  separator  (100  cm 2)  consists  of  MgO/electrolyte 
powders  that  have  been  cold-pressed  into  a  plaque  of 
2.5-nxn  thickness.  After  assembly  in  an  Ar  glovebox, 
the  cells  are  sealed  with  a  BN-povder  feedthrough. 
Cells  were  generally  charged  at  25  mA/cm2  and 
discharged  at  50  mA/cm2.  Overcharge  tolerance  was 
evaluated  by  establishing  a  trickle  charge  of  2  to 
5  mA/cm2  while  the  Li-alloy  electrode  exhibited 
electrode  potentials  (vs.  NI3S2  reference  electrode) 
which  are  associated  with  the  Li5Al5Pe2  electrode  (50 
to  100  mV  vs.  Li*).  Under  cycling  to  various  charge 
voltage  cutoffs,  coulomblc  cell  efficiency  also 
indicated  se If -d ischar ge  rates  for  the  normal 
capacity  and  overcharge  states. 

RESULTS  AND  CONCLUSIONS 

The  viability  of  developing  Ll/FeSx  cells  with 
overcharge  tolerance  was  indicated  from  the  results 
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of  the  potent iometric  experiments.  As  shown  in 
Fig.  1,  significant  rates  of  self -discharge  (up  to 
20  mA/cm2)  were  established  by  polarizing  a  Li-alloy 
electrode  in  molten  LiF-LiCl-LiBr  (22:31:47  molZ)  at 
"'500*C.  Appreciable  self-discharge  rates  of 
2-5  mA/cm2  were  attained  at  about  -200  mV  vs.  the 
LiAl  reference  electrode.  This  potential  is  safely 
away  from  that  for  the  deposition  of  Li*  or  formation 
of  liquidus  Li  alloys.  The  Li-Al5Pe2  electrode  ia 
well  suited  for  this  potential  range  and  maintains  a 
stable  electrode  structure.  Other  alloys  such  as  Li- 
Al,  Li-Sl,  and  Li-AlSi  are  less  desirable  due  to 
variations  in  potential  with  composition.  The  effect 
of  temperature  on  the  lithium-shuttle  mechanism  is 
significant;  a  50*C  change  can  double  the  self¬ 
discharge  rate.  Other  factor,  such  as  electrolyte 
composition  and  separator  thickness  and  porosity 
also  affect  the  rate  of  self -discharge  by  the  lithium 
shuttle  mechanism.  The  dominance  of  the  Ll-electrode 
potential  permits  flexibility  in  establishing  the 
remaining  cell  design  factors. 

The  tests  of  modified  cells  for  overcharge  tolerance 
have  verified  the  efficacy  of  the  lithium-shuttle 
mechanism  to  provide  sufficient  levels  of  overcharge 
tolerance.  The  unique  combination  of  overcharge 
capacity  and  unlimited  tolerance  of  a  trickle  charge 
has  been  demonstrated.  Modified  cells  have  been 
operated  for  >200  cycles  without  the  MgO  separator 
shorting.  A  bimodal  self -discharge  rate  is  exhibited 
by  the  Li-Al  ♦  10  molt  Li5Al5Fe2/LiF-LiCl- 
LiBr (MgO) /FeS  cell  (6  Ah  capacity)  operated  at  475*C. 
When  charged  to  a  1.47  V  cutoff,  the  cell  exhibits 
99*X  coulomblc  efficiency  and  a  self-discharge  rate 
of  0.2-0. 4  mA/cm2.  Due  to  a  150-200  mV  step  in  Li- 
electrode  potential  by  charging  the  overcharge 
capacity,  the  cell  coulomblc  efficiency  for  a  1.57  V 
charge  cutoff  is  noticeably  reduced  to  about  93Z 
(coulometric  testing).  As  shown  in  Fig.  2,  in  the 
overcharge  state,  a  trickle  charge  of  3  mA/cm2 
continues  (for  4-8  h)  without  polarization  of  the 
sulfide  electrode.  (Excessive  polarization  of  an  FeS 
electrode  results  in  deposition  of  iron  in  the 
separator  to  short  the  cell.)  An  additional  10-20X 
charge  capacity  (beyond  the  overcharge  capacity)  is 
tolerated  under  a  condition  of  trickle  charge 
balanced  by  self -discharge  ( galvanostat ic  testing). 
Similar  overcharge  tolerance  (2-3  mA/cm2)  has  been 
demonstrated  for  the  LiAl  ♦  10  molX  L^A^Fe / LiCl- 
LiBr-KBr(MgO) /upper  plateau  Feb2  cell  at  400*0. 
Overcharge  tolerant  Li/FeSx  cells  would  enable  charge 
capacity  equalization  of  battery  cells  without 
equalization  electronics.  The  bimodal  self-discharge 
rate  allows  a  "weaker"  cell  to  accept  trickle-charge 
capacity  at  high  efficiency,  while  cells  in 
"overcharge"  assume  a  static  state-of -charge .  The 
modified  cells  can  lead  to  more  reliable  battery 
operation  which,  in  turn,  enhances  durability  and 
lowers  cost. 
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BACKGROUND 

The  present  lithium-alloy /metal  sulfide  ceils  require 
the  careful  monitoring  of  an  experimentally 
established  charge  cutoff  voltage  limit  to  prevent 
overcharge  of  the  cell. 

Maintaining  the  charge  voltage  at  or  below  the 
voltage  limit  and  simultaneously  reaching  equal 
capacity  in  each  serially  connected  cell  of  a 
lithium/metal  sulfide  battery  over  many  cycles  are 
difficult  tasks.  To  overcome  this  difficulty,  a 
special  integrated  charger /battery  system  has  been 
developed  [1],  Ideally,  the  cell/battery  overcharge 
control,  however,  should  rely  on  a  built-in  chemical 
mechanism  that  furnishes  the  cells  with  an  inherent 
overcharge  tolerance. 

For  lithium-alloy/disulf ide  cells,  chemical 
overcharge  protection  by  a  polysulfide  shuttle 
mechanism  has  been  proposed  [2].  This  mechanism, 
however,  not  available  in  monosulfide  cells.  For 
lithium-u*loy/monosulfide  cells,  two  phenomena 
suggest  a  possible  method  of  chemical  overcharge 
protection:  dissolution  of  lithium  from  the  negative 
electrode  (3,4)  and  the  associated  self-discharge  of 
the  cell. 

EXPERIMENTS  AND  RESULTS 

To  explore  the  possibility  of  chemical  overcharge 
protection  in  monosulfide  cells,  several  LlAlSl/FeS 
cells  were  built  and  tested.  One  of  them,  which  is 
described  here,  was  built  according  to  the  following 
parameters : 

Negative  electrode:  Li i . 3QAlo.06Sio. 14.  1.54-mm 
thick,  115  mAh/cm*  cycled  capacity  (-NCYC). 

Separator:  9 . 6L1F-22. OLiCl-68. 4LiBr  +  25MgO  (in 
wtl),  2.0-nm  thick. 

Positive  electrode:  Li0. 52f«l . 10sl . 24 *  1-92-mm 
thick,  194  mAh/cm?  cycled  end  unused  capacity. 

The  cell  was  cycled  at  475°C  in  a  glove  box  which 
contained  He  of  about  1-p pm  O2/H2O  impurity  level. 

The  electrode  material  formulas  represent  electrode 
compositions  that  are  normalized  to  1  mole  of  the 
negative  matrix  material  (A1  and  Si).  Figure  1  shows 
typical  charge /discharge  cell  voltage  curves  along 
with  the  potentials  of  the  positive  and  negative 
electrode  es  measured  with  a  reference  electrode 
during  chsrge.  Three  chsrecterlstic  sections  csn  bs 
distinguished  on  the  graph.  These  sections  ars 
associated  with  three  different  capacity  ranges  of 
the  negative  electrode  and  are  identified  by  NUNC, 
NCYC,  and  NPRC  symbols,  which  repressnt  ths  unused-, 
cycled-,  and  protect lng-capacity  portions  of  the 
lithium  alloy.  As  Fig.  I  shows,  each  section  is 
associated  with  an  important  feature  of  the  cell. 

DISCUSSION 

Out  of  the  three  sections  in  Fig.  1,  overcharge 
protection  is  the  moat  important  for  ths  prsssnt 
discussion.  In  this  ssctlon,  ths  chsrge  curve  reaches 
a  constant  cell  voltage.  This  chsrge  curve  was 
obtained  at  a  chsrgs  currant  lass  than  ths  highsst 
possible  self-discharge  rate  undsr  thsss  conditions. 
The  highsst  posslbla  aalf-dlscharga  rats  is,  in  turn, 


relstsd  to  the  potential  of  the  negative  electrode 
and  is  controlled  by  mass-transport  limitations. 
Figure  1  shows  a  charge  half-cycle  in  which  the 
current  density  was  set  back  to  10  mA/cm^  from  100 
mA/cm^  when  the  cell  voltage  reached  1.63  V.  The  cell 
is  designed  such  that  the  ratios  of  the  capacity 
sections  for  the  positive  and  negative  electrodes 
(Fig.  2)  dictate  a  low  self-discharge  rate  in  the 
NCYC  section  and  high  rates  toward  the  end  of  the 
charge  in  the  NPRC  section.  Achieving  the  high  self- 
discharge  rate  is  facilitated  by  the  rapid  decrease 
of  the  negative  electrode  potential,  as  shown  by  the 
curve  In  Fig.  1.  At  the  same  time,  the  potential  of 
the  positive  electrode  increases  only  slightly  and 
remains  well  below  the  critical  value,  which  is  about 
1.60  V  vs.  Li-Al  under  the  condition  of  the 
experiment. 

The  flat  end  section  of  the  charge  curve  indicates  a 
steady  state  in  the  cell.  The  steady-state  condition 
is  brought  about  by  a  lithium  shuttle  mechanism  In 
which  the  lithium  that  dissolves  from  the  negative 
electrode  and  diffuses  to  the  positive  electrode  is 
then  consumed  at  the  positive  electrode  by  a  chemical 
reaction.  The  high  rate  of  this  reaction  in  the  NPRC 
section,  facilitated  by  proper  cell  design  and  charge 
conditions,  counterbalances  the  anodic  and  cathodic 
formation  of  the  electrode  active  materials  and 
terminates  the  charge  In  the  steady  state  before  the 
onset  of  the  detrimental  anodic  dissolution  of  the 
positive  electrode  components.  The  resulting  zero 
percent  coulombic  efficiency  of  the  charge  current 
under  this  condition  of  the  lithium  shuttle  mechanism 
results  In  overcharge  tolerance  and  provides  a  means 
for  cell  capacity  equalization  in  batteries. 

At  higher  charge  current  densities,  however,  when  the 
lithium  shuttle  can  not  keep  up  with  the  charge 
current  and  a  sharp  Increase  of  the  potential  of  the 
positive  electrode  occurs  toward  the  end  of  charge. 
The  broken  line  in  Fig.  1  shows  the  increasing  cell 
voltage  due  to  the  rising  potential  of  the  positive 
electrode  when  the  charge  current  density  was  kept 
constant  at  100  mA/cm*. 

The  lithium-poor  phases  of  the  negative  electrode  in 
the  NEGUN  section,  i.e.,  the  «-Al  and  LiAlSi  (1:1*1) 
phases,  have  poor  charge/discharge  kinetics; 
therefore,  these  are  not  normally  utilized  In 
cycling.  The  NUNC  section,  however,  can  be  used  for 
overdischarge  protection  when  it  is  complemented  by 
an  available  counterpart  capacity  in  the  positive 
electrode  (PUNC). 

ACKNOWLEDGMENT 

This  work  was  supported  by  the  U.S.  Department  of 
Energy,  Office  of  Energy  Storage  under  contract  No. 
W-31-109-ENG-38.  The  author  is  grateful  to  Dr.  P.  A. 
Nelson  for  his  encouragement  and  support. 

REFERENCES 

1.  W.  H.  DeLuca,  A.  A.  Chilenakae,  and  F.  Hornstra, 
Proc.  of  14th  IECEC,  Boston,  MA,  5-10,  1979, 

Vol.  1,  p.  665  (1979). 

2.  L.  Redey,  Proc.  of  the  Joint  Internet* 1.  Symp. 
on  Molten  Selts,  The  Electrochemical  Society, 
Pennington,  NJ,  Proc,  Vol.  87-7,  p.  631  (1987). 

3.  G.  J.  Reynolds,  M.  C,  Y.  Lee,  and  R.  A.  Huggina, 
Proc.  of  the  4th  Internet* 1.  Symp.  on  Molten 
Salts,  Proc.  Vol.  84-2,  The  Electrochemical 
Society,  Pennington,  NJ,  p.  519  (1984). 

4.  L.  Redey,  to  be  published. 


f 


! 

v 

i 


Fig.  1.  Charge/discharge  and  electrode  potential 
curves  of  an  overcharge/overdischarge 
tolerant  LlAlSl/FeS  cell. 


PUNC 

PCYC 

PPRC 

NCYC 

m 

- — V 

NUNC  NPRC 


Fig.  2.  Capacity  ranges  of  the  positive  and  negative 
electrodes  and  their  relationships  in  the 
cell  shown  in  Fig.  1.  Capacities  of  the 
ranges  are  in  proportion  to  the  areas  of  the 
marked  fields. 
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A  Li/upper  plateau  (U.P.)  FeS2  battery  has  intrinsic 
high-performance  characteristics:  high  theoretical 
specific  energy  (**500  Wh/kg)  and  achieved  high  power 
(200-300  W/kg).  Earlier  advances  in  the  Li/U.P.  FeS2 
cell  with  LiCl-LiBr-KBr  electrolyte  resulted  in  high 
performance  and  capacity  stability.  These  advances 
enabled  cells  with  40X  of  theoretical  specific  energy 
to  be  realized  through  operation  of  high  energy 
density  electrodes.2  Now,  lithium/disulfide  cell 
tests  have  demonstrated  a  1000  cycle-life  capability. 
Development  of  overcharge  and  overdischarge  tolerant 
battery  cells  has  reinforced  their  durability. 
Therefore,  the  performance  and  durability  of  the 
lithium/disulfide  battery  are  highly  suited  to  an 
electric  van  application.  The  results  of  a  battery 
design  study  for  the  IDSEP  Van2  are  reported. 

EXPERIMENTAL 

Prismatic  bicells  (12-  and  24-Ah  capacity)  with  BN- 
felt  separator  area  of  100  cm2  (Kenecott  Corp.)  were 
fabricated.  Cold-pressed  plaques  of  electro- 
lyte/MgO  powder  (Culigan)  were  substituted  for  8N 
felt  in  some  tests.  The  electrodes  (8.7-cm  high  x 
6.3-cmwide)  were  contained  behind  perforated-sheet 
current  collector s- -molybdenum  for  the  central  FeS2 
electrode  and  1008  steel  for  the  two  Ll-Al  elec¬ 
trodes.  The  iron  disulfide  electrode  contained  FeS2, 
typically  with  15  molt  C0S2  additive,  for  a  total 
theoretical  capacity  of  12-24  Ah  (on  the  upper 
voltage  plateau).  The  s lurry- formed  Li-Al  electrodes 
contained  53  at .  Z  Li-Al  alloy  for  15-30  Ah  capacity 
with  0.9-Ah/cm3  loading  density.  Cells  were 
assembled  and  operated  in  an  Ar  glovebox.  The 
electrolyte  (Anderson  Physics  Lab.)  was  added  to  the 
cells  in  the  molten  state.  Cycle-life  testing  at  a 
8-h  charge  rate  and  4-h  discharge  rate  (50  or 
100  mA/cra2)  was  controlled  between  voltage  cutoffs  of 
2.05  and  1.25  V  (IR  included),  respectively.  A 
Ni/N reference  electrode  indicated  working- 
electrode  potentials  during  *-he  deep-discharge 
cycling.  The  improved  FeS2  cell  has  two  major 
changes  from  earlier  designs:  a  novel  electrolyte, 

25  moll  LiCl-37  molZ  LiBr-38  molZ  KBr  (m.p.  310*C) , 
rather  than  58  molZ  HC1-42  molZ  KC1  (m.p.  352*C), 
and  a  higher  loading  density  (2.4  vs  1.5  Ah/cm3)  for 
the  FeS2~15  molZ  C0S2  electrode,  which  is  then 
operated  only  on  its  upper  voltage  plateau  (U.P.) 
(1.75  V  vs.  Li-Al)  rather  than  its  two  voltage 
plateaus  (T.P.). 

RESULTS  AND  DISCUSSION 

A  U.P.  FeS2  cell  operated  at  400*C  has  demonstrated  a 
100Z  increase  in  power  density  and  a  50X  improvement 
in  energy  density  and  capacity  utilization  as 
compared  to  those  of  the  earlier  T.P.  FeS^  cell  at 
427*C.  In  a  group  of  five  U.p.  F«S2  cells  (Table  1), 
capacity  utilization  was  80-90Z,  depending  upon 
discharge  rate.  The  disulfide  electrode  remained  at 
£90Z  of  their  initial  values  throughout  the  tests. 
(Coulombic  efficiency  was  96-99X.)  The  high 
utilization  of  the  U.P.  FeS2  capacity  provided  quite 
good  accounting  of  the  sulfur  capacity  throughout  the 
cycle-life  tests.  Excellent  cycle-life  stability  has 
also  been  established  with  the  1000  cycle  (7000  h) 
operation  of  cell  KHP-4  (Fig.  1).  No  cell  capacity 
loss  was  exhibited  in  the  first  500  cycles,  and 
thereafter,  teat  facility  equipment  problems  (e.g., 
glovebox  failures)  resulted  in  s  18Z  decline  in 


capacity  after  1000  cycles.  A  reference  electrode 
indicated  that  cell  capacity  had  become  limited  by 
the  Li-alloy  electrode.  The  high  specific  power 
capability  of  the  cell  was  not  degraded  during  the 
1000  cycles  of  operation.  Cell  resistance  vs.  depth 
of-discharge  was  unchanged,  0.65  to  0.75  Q-cm2 
separator  area.  Coulombic  efficiency  was  96+X. 
Apparently,  both  time-  and  cycle-related  capacity 
loss  mechanisms  of  the  earlier  FeSz  cells  have  been 
overcome. 

Although  cycle-life  tests  have  been  at  400*0,  Li/U.P 
FeSz  cells  have  also  been  operated  at  425-450*C  for 
week-long  durations  without  detectable  impact  on 
capacity  stability.  Cells  are  normally  sealed,  but 
cells  have  operated  for  months  unsealed.  There  is 
apparently  little,  if  any,  capacity  loss  through 
vapor  pressure.  Open  cell  operation  during  periods 
of  poor  atmosphere  (>1X  N2,  02)  led  to  cell  capacity 
decline.  Degradation  of  lithium-electrode  capacity 
restricted  discharge  capacity.  Currently,  batteries 
will  have  to  be  operated  in  an  inert  atmosphere. 

This  could  change  with  development  of  a  hermetic 
feedthrough. 

Abuse  tolerant  battery  cells  are  desirable  for 
battery  durability.  Overcharge  tolerance  can  be 
incorporated  into  the  cell  by  a  - lithium-shut t le" 
mechanism.  **  Overdischarge  protection  for  the  U.P. 
FeS2  cell  was  achieved  in  a  cell  whose  capacity  was 
limited  by  the  negative  electrode  (i.e.,  lithium- 
limited).  With  the  high  loading  density  of  the  FeS2 
electrode,  the  discharge  must  be  restricted  to  the 
U.P.  FeS2  capacity  to  avoid  excessive  electrode 
expansion.  Earlier,  this  had  been  achieved  by 
limiting  the  discharge  cutoff  voltage  to  ^1,25  V. 

For  battery  operation,  this  requirement  is  unaccep¬ 
table.  A  lithium- limited  U.P.  FeS2  cell  has  been 
operated  with  discharge  cutoff  voltages  ranging  from 
1.0  to  1.3  V  and  has  maintained  99Z  coulombic 
efficiency  for  over  900  cycles. 

A  design  study  Intended  to  provide  a  comparison  of 
advanced  battery  technologies  for  the  IDSEP  electric 
van3  was  completed  for  Sheiadia  Associates.  Accord¬ 
ing  to  design  study  specifications,  the  battery  was 
to  be  sized  to  meet  one  of  two  limits,  700  kg  or 
600  L.  These  specifications  allowed  a  Li-alloy/U. P. 
FeS2  battery  of  120  cells  and  610  Ah  capacity.  Cells 
contribute  about  80Z  of  the  battery  weight.  The 
battery  capacity  is  1 1 1  kWh  at  a  20.25  h  discharge 
rate  with  1.66  avg.  V/cell.  Peak  specific  power  of 
55  kW  could  be  provided  through  95Z  of  discharge 
capacity.  The  slow  discharge  rate  for  the  IDSEP  Van 
application  coupled  with  high-capa<-ity  utilization 
produces  a  170  Wh/kg  specific  energy  for  a  Li/U.P. 
FeS2  battery.  The  IDSEP  performance  requirement 
could  be  met  with  a  Li/FeS2  battery  about  one-third 
the  size  limits.  Such  a  down-sized  battery  could 
provide  400  kg  of  additional  vehicle  hauling 
capacity. 
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Table  1.  Cycle-Life  Tests  of  Upper -Plateau  Disulfide  Electrode  Cells* 


Cell 

No., 

KHP- 

Ccnpoeition  of 
Limiting  Electrode 

Performance 

U.P.  Disch. 
Util.,  Rate, 

X  h 

Lifetime 

Capacity 

Charge, 

X  Cycles 

1 

FeS^Co^  (85: 15  nclX) 

89 

4 

1 

400 

3 

FeS2Cc6  (85j15  nrjlX) 

88 

4 

4 

260 

4 

FeS2:CoS2  (85:15  nelX) 

80 

2 

18 

1020 

5** 

Li-Al,  Carbon 

55 

1.3 

10 

900 

6 

FeS2:NiS2:Li2S 
(50:50:5  nclX) 

93 

4 

5 

250 

^Prismatic  bicells  use  LiCl-LiBr-KBr  (310*C  m.p.)  with  BN -felt 
separator  (100  an2)  and  400*C  operation. 


**FUmace  malfunction,  3  days  at  565*C  and  ranained  U.P.  FeS2  cell. 


D««p  Discharge  Cycle* 


Fig.  1.  Cycle  life  of  cell  KHP-4,  U.P.  FeS2  elec¬ 
trode  stability  test.  Cell  capacity  became 
limited  by  the  I.i-Al  electrolyte  after 
cycle  500. 
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FUEL  CELLS  AS  ENERGY  STORAGE  DEVICES 
FOR  MULT  I MEGAWATT  SPACE  POWER  SYSTEMS 

GRAHAM  HAGEY 

U.S.  DEPARTMENT  OF  ENERGY 
WASHINGTON,  D.C.  20545 

INTRODUCTION 

Fuel  cell  power  systems  are  a  candidate  technology  for 
energy  storage  and  multi megawatt  burst  power  (up  to 
1,000  MW  for  up  to  2,000  seconds)  for  Strategic 
Defense  Initiative  (SDI)  applications.  SD1  fuel  cell 
systems  must  have  both  high  specific  power  and  high 
specific  energy.  Preliminary  SDI  energy  storage 
system  performance  goals  target  a  specific  power  of 
3.2  KW/kg  and  a  specific  energy  of  444  W-hr/kg.i/ 
Specific  power  is  the  most  Important  parameter  and 
determines  the  high  electrochemical  performance 
required  by  candidate  fuel  cells. 

Of  the  fuel  cell  technologies  under  development, 
advanced  alkaline  and  solid  oxide  fuel  cells  (SOFC) 
appear  capable  of  achieving  the  SDI  energy  storage 
system  performance  goals. 


SDI  ENERGY  STORAGE  SYSTEMS 

SOI  system  concept  studies  indicate  that  power 
requirements  may  range  from  100'$  of  kilowatts  to 
1000' s  of  megawatts  over  time  periods  from  a  few 
seconds  to  seven  years.  Power  modes  are  generally 
described  as  base  load,  alert  mode  and  burst  mode. 
Table  1  indicates  the  typical  power  levels  and  power 
profiles  for  each  mode.  A  typical  SOI  energy  storage 
system  utilizing  a  H9/O2  fuel  cell  is  shown  in  Figure 
1.  A  unique  attribute  which  fuel  cells  have  for  SDI 
applications  is  their  ability  to  recover  all  consumed 
reactants.  This  is  accomplished  by  condensing  the  fuel 
cell  water,  which  is  a  by-product  of  the  power 
productive  process,  and  subsequently  converting  the 
water  back  into  fuel  cell  reactants.  While  other 
energy  conversion  devices  may  recover  product  water, 
unreacted  fuel,  such  as  H2,  is  typically  lost. 

There  are  two  methods  for  electrolyzing  the  water: 
one  is  to  use  a  separate  electrolyzer  and  fuel  cell, 
as  shown  in  Figure  1;  the  other  Is  to  combine  the 
functions  in  a  single,  electrochemical ly  reversible 
fuel  cell.  The  approach  selected  Is  dependent  on  a 
number  of  factors:  system  weight,  mission 
requirements,  power  systems  simplicity  and 
reliability,  and  the  capacity  of  the  fuel  cell  for 
electrolysis. 

Weight  Is  the  principal  operational  constraint  for 
SDI  power  systems.  The  limit  for  burst  mode  power  is 
the  weight  of  the  energy  storage  system  that  must  be 
lifted  into  orbit.  At  a  power  level  of  100MW  the 
weight  of  a  typical  fuel  cell  energy  storage  system 
capable  of  1500  seconds  of  burst  power  is  estimated  to 
be  about  100  metric  tons.  This  weight  equals  the 
single  launch  payload  capability  of  a  heavy  lift 
launch  vehicle. 

A  discussion  of  advanced  alkaline  and  advanced  SOFC 
technologies  follows. 


AlKftL  INE-FU£L_CHl 

The  alkaline  fuel  cell  has  been  the  choice  power 
system  of  past  and  present  space  applications. 
Alkaline  fuel  cells  are  well  suited  for  space  power 
application,  offering  efficiencies  of  up  to  75 
percent*,  and  potentially  high  specific  power.  They 
have  demonstrated  the  ability  to  withstand  the  shock 
and  vibration  loads,  other  factors  of  launch  as  well 
as  space  power  operation  in  low  specific  power. 

United  Technologies  Corporation  (UTC)  modified  the 
Bacon  alkaline  fuel  cell  in  the  early  1960s  which 
became  the  base  for  the  Apollo  spacecraft  fuel  cell 
power  system.  UTC  alkaline  cells  were  also  used  for 
the  Space  Shuttle  Orbiter.  The  Orbiter  power  system 
consists  of  three  power  plants,  each  with  12  kW 

output.  The  fuel  stack  of  this  power  plant  has  a 

specific  power  of  0.5  kW/kg.2/ 

During  the  1970s,  UTC  tested  lightweight  alkaline 

cell  assemblies  (12  cells  plus  cooler)  with  specific 
powers  up  to  4.2  kW/kg  and  23  kW/m2.*'  Current 

densities  up  to  9.1  A/cm2  were  achieved  in  single 

cells  at  voltages  above  0.5  volt.  A  peak  areal 

specific  power  of  30  kW/M2  at  0.6  volt  per  cell  was 
achieved  at  a  cell  pressure  of  620  kPa  (90  psia)  and 
a  temperature  of  120°C.&/ 

Under  a  current  Air  Force  contract,  UTC  is  developing 
advanced  alkaline  cells  designed  to  provide  specific 
power  up  to  27  kW/kg  in  megawatt-size  stacks. 2/  This 
high  specific  power  would  be  achieved  by  a  combina¬ 
tion  of  cell  weight  reduction  and  Increasing  cell 
power  output  at  a  fixed  level  of  efficiency.  The 

objective  for  areal  specific  weight  of  this  cell  is 
2.64  kg/m2  (0.54  lb/ft2).  Reduced  cell  weight  would 
result  from  the  elimination  of  separate  liquid 
coolers,  and  the  use  of  lightweight  materials  and 
thinner  cell  components.  The  goal  for  total  cell 
thickness  is  57xl0‘3cm  (22  mil).  Improved  cell 
performance  Is  achievable  from  operation  at  a 
temperature  of  150°C  and  a  pressure  of  1 .37x1 0-3  kPa 
(200  psia) . 

ALKALINE  FUEL  CELL  DEVELOPMENT  NEEDS  -  The  reduction 
of  stack  specific  weight  is  a  primary  factor  in 
improved  cell  performance.  Weight  reduction  would  be 
accomplished  by  the  use  of  lightweight  cell 
components  (e.g.,  electrodes  and  electrolyte  matrix), 
and  by  the  elimination  of  liquid  coolers.  The 
conventional  cooling  loop  would  be  replaced  by 
integrating  evaporative  cooling  into  the  reactant 
flow  passages.  The  key  issue  in  the  development  of 
evaporative  cooling  is  the  uniform  distribution  of 
the  coolant  across  the  face  of  the  cell,  which  would 
ensure  uniform  heat  removal  and  cell  temperature. 

Improved  cell  performance  is  achievable  by  operation 
at  elevated  temperature  and  pressure.  The  tempera 
ture  limits  are  constrained  by  cell  corrosion  and 
catalyst  recrystallization.  The  pressure  limits  are 
constrained  by  the  cross  pressure  capability  of  the 
cell  stack  and  assembly  seals,  and  by  the  design 
approach  for  stack  pressure  containment. 

A  reduction  in  cell  internal  resistance  is  expected 
from  the  use  of  a  thinner  electrolyte  matrix 
(decreased  to  0.005  cm).  The  limit  of  this  reduc¬ 
tion  is  determined  by  the  cross  pressure  capability 
of  the  matrix. 
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For  missions  requiring  a  rechargeable  energy  storage 
system  where  a  reversible  alkaline  fuel  cell  system 
approach  Is  selected,  the  issue  of  catalyst 
durability  during  reverse  operation  remains  to  be 
resolved. 


TABLE  1 

Typical  Power  Requirements  for  SOI  Applications 
(Neutral  Particle  Beam,  Free  Electron  Laser, 
Kinetic  Energy  Weapons) 


Verification  issues  include  SOI  goals  at  the  system 
level  for  specific  power,  operational  life  and  the 
magnitude  of  burst  power  of  multimegawatt  stacks. 


Power:  Mode  Power  Level  Operational  Profile 

Base  Load  0.1-10  MW  7  years 

continuous 


SOL 10  OXIDE  FUEL  CELL  (SQfCi 

The  SOFC  offers  the  potential  for  high  specific  power 
and  approximately  70  percent*  energy  conversion 
efficiency.  The  SOFC  is  a  high  temperature  (1000°C), 
reactant-gas  cooled,  solid  state  system  with  self- 
catalytic  electrodes.  The  SOFC  has  been  demonstrated 
to  be  reversible  for  regeneration  of  O2  and  from 
fuel  cell  produced  HgO.^/ 

For  SOI  applications  the  only  high  specific  power 
SOFC  concept  in  design  and  preliminary  research  Is 
the  monolithic  concept  originated  by  Argonne  National 
Laboratory. 4/ 

The  monolithic  design  is  a  strong,  lightweight 
honeycomb  structure  of  small  cells  with  thin  walls. 
The  small  passages ,  similar  to  corrugated  cardboard, 
are  formed  from  0.025  to  0.100  mm  (1-4  mil)  thick 

layers  of  active  cell  components  connected  through  a 
bipolar  connection  plate.  The  fuel  and  oxidant  flow 
through  alternating  passages.  The  monolithic  cell  is 
currently  fabricated  into  an  integrated  array  by 
simultaneously  sintering  cell  components  (anode, 
cathode,  electrolyte  matrix  and  interconnect). 

SOFC  DEVELOPMENT  NEEDS  -  The  SOFC  technology 
development  needs  relate  principally  to  cell 
materials  compatibility  and  cell  fabrication. 

Monolithic  SOFC  fabrication  involves  the  simultaneous 
sintering  of  cell  components  made  of  different 
materials  with  different  shrinkage  rates  and 

different  coefficients  of  thermal  expansion. 

Simultaneous  sintering  has  caused  cracks  in  the  fuel 
cell  electrolyte  and  interconnect  layers,  which  must 
be  gas  tight.  The  thin  walled  ceramics,  although 
strengthened  by  honeycomb  type  structures,  are 
inherently  brittle  and  potentially  subject  to  thermal 
and  mechanical  shock  failure.  The  cell  failure  mode 
experienced  to  date  has  been  microcracking  of  cell 
components.  Spalling  of  materials  has  not  been 
experienced. 4/.  The  development  and  fabrication  of 
cells  and  arrays  free  of  mechanical  stresses  and  gas 
leaks  is  necessary. 

The  design  and  testing  of  manifolds  to  improve  the 
thermal  expansion  compatibility  match  of 
electrodes/electrolyte  and  to  lower  interfacial 
electrical  resistances  are  required  to  achieve  SOFC's 
theoretical  performance  potential.  Also  critical  is 
the  development  of  techniques  for  improved  processing 
and  fabrication  of  arrays  and  stacks  with  appropriate 
nondestructive  qualification  methods. 5/ 


Alert 

Burst 


10-100  MW 

100-1000  MW 


On/off  -  100  days 
to  1  year  aggregate 

200-2000  Sec 


Irani  Ngdtar  Sourc* 
IConttnuoui  Mod*  Pow*fl 
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DEVELOPMENT  OF  MONOLITHIC  SOLID  OXIDE  FUEL  CELLS 
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BACKGROUND 

The  monolithic  solid  oxide  fuel  cell  (MSOFC),  first 
proposed  by  Argonne  National  Laboratory  in  1983,  offers 
excellent  prospects  for  aerospace  and  space  applica¬ 
tions  owing  to  its  high  performance  and  high  power 
density.  In  the  coflow  version,  the  MSOFC  consists  of 
a  honeycomb- like  array  of  adjacent  fuel  and  oxidant 
channels  that  resemble  corrugated  paperboard  (Fig.  1). 
Oxidant  (air)  channels  are  lined  with  a  cathode,  and 
fuel  channels  are  lined  with  an  anode.  A  gas-tight 
layer  of  electrolyte  is  located  between  the  anode  and 
cathode.  A  gas-tight  layer  of  interconnection  material 
connects  the  anode  of  one  cell  to  the  cathode  of  the 
next  in  electrical  series.  As  seen  from  Fig.  1,  the 
MSOFC  is  made  of  two  types  of  laminated  structures, 
each  composed  of  three  ceramics  -  anode/electrolyte/ 
cathode  and  anode/interccrmector/cathode) .  The 
lamina  ted  structure  containing  the  electrolyte  is 
appropriately  corrugated.  In  the  crossflow  version,  the 
gas  flow  channels  form  a  separate  layer  for  fuel  and  a 
separatelayer  for  oxidant  (Fig.  2).  The  fuel  and 
oxidant  flow  passages  are  at  right  angle  to  each  other. 
The  walls  of  the  corrugations  are  formed  from  anode 
and  cathode  layers.  The  crossflow  version  offers  a 
simpler  means  of  ducting  gases  in  and  out  of  the 
monolithic  fuel  cell. 

The  size  of  individual  cells  in  the  MSOFC  is  very  small. 
Typically,  1  to  2  mm  is  the  repeat  distance  from  cell 
to  cell.  Typical  thickness  of  individual  cell  component 
layer  is  50  to  100  microns.  The  small  cell  size 
increases  the  active  surface  area  of  the  MSOFC  and 
decreases  its  internal  electrical  resistance.  As  a 
result,  the  MSOFC  has  excellent  performance  and  high 
efficiency.  The  MSOFC  is  a  lightweight,  low  volume 
device.  Owing  to  high  surface  area  and  low  weight,  the 
power  density  of  the  MSOFC  is  much  higher  than  that  of 
many  conventional  fuel  cells  and  other  electrical 
generating  technologies.  At  present,  the  MSOFC  employs 
Y203-stabilized  ZrOo  for  electrolytes,  Ni/Zr02  for 
anodes,  Sr-doped  LaMnOg  for  cathodes,  and  Mg-doped 
LaCr03  for  interconnectors. 

FABRICATION 

The  MSOFC  places  stringent  requirements  on  materials 
and  requires  significant  fabrication  development. 
Fabrication  of  the  MSOFC  involves  incorporation  of  four 
thin  ceramic  layers  (anode,  cathode,  electrolyte,  and 
interconnection)  into  a  self-supporting  monolithic 
structure.  A  fabrication  scheme  for  the  MSOFC  must 
incorporate  each  material  such  that  no  thermal  or 
chemical  environment  in  any  fabrication  step  destroys 
desired  material  characteristics  of  any  of  the 
individual  layers.  Two  methodologies  are  currently 
being  developed  for  the  fabrication  of  the  MSOFC:  tape 
casting  (Argonne)  and  hot  roll  milling/calendering 
(Allied-Signal  Aerospace).  In  these  methodologies,  the 
MSOFC  is  fabricated  by  forming  thin  ceramic  layers  as 
green  bodies,  laminating  them  into  trilayer 
composites,  forming  the  monolithic  structure  from  the 
tri layer  composites,  and  sintering  the  structure  at 
elevated  temperature.  In  general,  the  fabrication  of 
the  MSOFC  involves  two  important  and  critical  aspects: 


(i)  determination  of  processing/structure/property 
relationships  for  each  cell  component  layer,  and  (ii) 
development  of  a  methodology  for  cofiring  all  layers 
under  the  same  conditions. 

To  date,  Argonne  has  demonstrated  the  feasibility  of 
fabricating  the  MSOFC  by  the  tape  casting  technique. 
Stacks  of  the  crossflow  monolithic  design  (up  to  3  W) 
have  been  fabricated  and  operated  by  Argonne.  At 
A1 1 ied-Signal  Aerospace,  the  hot  roll  milling  technique 
is  being  developed  and  optimized  for  the  MSOFC.  Single 
cells  (anode/electrolyte/cathode)  and  stacks  have  been 
fabricated.  Figure  3  shows  a  micrograph  of  a  polished 
single  cell  fabricated  by  hot  roll  milling. 

AEROSPACE  APPLICATIONS 

If  the  MSOFC  can  grow  from  its  present  early  stage  to 
a  full  fledged  power  system,  its  first  practical  uses 
are  likely  to  come  in  high  technology,  high  cost 
applications  such  as  aviation  and  space.  Potential 
space  and  aerospace  applications  for  the  MSOFC  include 
housekeeping  power,  burst  power,  energy  storage  (solar), 
airbreathing  and  non-ai rbreathing  pcwci ,  and 
propulsion/power  ’rteryration.  A  regenerative  fuel  cell 
system  based  on  the  MSOFC  looks  attractive  for  space 
applications.  The  system  operates  like  a  secondary 
battery  and  is  applicable  to  darkside  energy  storage 
for  solar  photovol taics .  Regenerative  capability  of 
the  MSOFC  has  been  demonstrated. 
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Fig.  1.  Coflow  Version  of  Monolithic  Solid  Oxide 
Fuel  Cell  Design 


Fig.  3. 


Micrograph  of  Polished  Cross-Sect  on  of  a 
Single  Cell  Fabricated  by  Hot  Roll  Milling. 
From  Top  to  3ottom:  Cathode,  Electrolyte, 
Anode. 
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Introduction: 

Current  distribution  in  the  plane  of  a  fuel 
cell  has  been  studied  using  a  mathematical  model¬ 
ing  [1],  The  polarizations  of  cathode  and  anode 
have  been  considered  to  be  inhomogeneous  in  the 
plane  according  to  the  change  of  gas  composition. 
We  present  here  experimental  results  which  show 
the  inhomogeneous  distribution  of  polarization  in 
the  plane  of  a  cell. 

We  set  four  reference  electrodes  (RHE)  imbeded 
in  a  matrix  of  a  single  cell  of  a  phosphoric  acid 
fuel  cell  at  each  corner  of  inlet  or  outlet  of 
fuel  and  air.  We  investigated  the  change  of  cath¬ 
ode  and  anode  potentials  at  each  reference  posi¬ 
tion  changing  gas  composition  or  gas  utilization. 


Experimental : 

The  size  of  each  electrode  and  matrix  was  100 
cm2  for  a  cathode, 144  cm2  for  an  anode  and  225  cm2 
for  a  matrix  and  that  of  reference  electrodes  was 
0.5  cm2.  The  arrangement  of  these  cell  components 
was  shown  in  Fig.1. 

Fig. 2  shows  a  cross  section  view  of  a  cell  near 
the  reference  electrode.  Four  reference  electrodes 
were  numbered  R1,R2,R3  and  R4  as  shown  in  Fig.1. 
The  lead  wires  were  inserted  near  the  reference 
electrode  which  was  contacted  with  the  cathode  or 
the  anode.  They  were  numbered  C1,C2,C3  and  C4  for 
the  cathode,  and  A1,A2,  A3  and  A4  for  the  anode. 
The  voltages  between  Cx-Rx , Ax-Rx ,Cx-Ax  and  Rx-Ry 
(x,y  =1,2, 3, 4)  were  measured.  Ohmic  losses  were 
measured  by  current  interruption  method  and  the 
voltages  were  corrected  to  iR-free  values. 

H2,SRG  (H2  80%  ♦  C02  20%),RGC2  (H2  80%  ♦  C02  1 8 
%  +  CO  2%),  RG1 0  (H2  10%  ♦  C02  90%)  or  RG20  (H2 
20%  +  C02  80%)  was  used  as  a  fuel.  The  single  cell 
test  was  conducted  at  190*C  or  ISO'C  under 
atmospheric  pressure. 


Results : 

Fig. 3  shows  potential  changes  of  cathode  and 
anode  at  each  position  with  H2  utilization  of  SRG. 
X-axis  shows  the  position  of  reference  electrodes, 
and  RHE  is  the  reference  electrode  potential  at 
each  position.  R1  was  indicated  as  I/I  because  it 
was  located  in  the  fuel  inlet  and  air  inlet  corner 
of  the  cell.  In  the  simillar  way,  R2,  R3  and  R4 
were  indicated  as  I/O,  Of  I  and  O/O,  respectively. 

In  Fig. 3,  the  potentials  of  cathode  and  anode 
at  fuel  outlet  shifted  toward  cathodic,  when  H2 
utilization  of  SRG  was  increased.  At  95%  utiliza¬ 
tion  the  potentials  shifted  up  to  about  500  mV. 
This  means  that, at  fuel  outlet,  anode  polarization 
increased  and  cathode  polarization  decreased. 

It  is  well  known  that  the  corrosion  current  in¬ 
creases  as  cathode  potential  shifts  toward  cathod¬ 
ic  (2).  The  potential  shift  of  cathode  at  fuel 
outlet  is  consistent  to  the  observation  that  cor¬ 
rosion  is  found  at  the  fuel  outlet  on  a  cathode. 


current  distribution  in  the  plane  of  a  cell.  The 
current  decreases  in  fuel  outlet, and  inversely  the 
current  in  fuel  inlet  must  increase.  Then  the  po¬ 
larization  of  cathode  increases  due  to  the  rise  of 
current  density  at  fuel  inlet. 

The  potential  shift  at  fuel  outlet  was  also  in¬ 
creased  by  CO  poisoning.  Fig. 4  shows  the  poten¬ 
tial  changes  of  cathode  and  anode  by  CO  poisoning 
at  150°C,  100mA/cm2.  The  remarkable  increase  of  an 
anode  polarization  at  fuel  outlet  and  increase  of 
cathode  polalization  at  fuel  inlet  were  observed. 
The  voltage  loss  due  to  poisoning  by  CO  has  been 
explained  to  be  the  increase  of  the  polarization 
of  the  anode  [3).  However,  as  observed  in  Fig. 4, 
the  voltage  loss  was  also  observed  as  the  increase 
of  the  polarization  of  cathode.  Because  of  the 

inactiveness  of  anode  reaction  in  fuel  outlet,  in¬ 
crease  of  current  density  at  fuel  inlet  was  ex¬ 
pected  to  occur.  CO  poisoning  will  have  an  ac¬ 
celerating  effect  on  the  carbon  corrosion  in  the 
cathode,  because  the  cathode  potential  shifts  to 
cathodic  at  fuel  outlet. 

The  potential  shift  at  fuel  outlet  was  not 
affected  by  dilution  of  H2  concentration.  Fig. 5 
shows  potential  shifts  of  cathode  and  anode  when 
several  diluted  hydrogen  gases  were  used.  The  an¬ 
ode  polarization  was  increased  on  the  whole  due  to 
the  decrease  of  hydrogen  partial  pressure.  On  the 
other  hand,  the  increase  of  the  potential  shift  at 
fuel  outlet  was  not  appreciable  at  all. 

The  results  of  Fig. 3  and  Fig. 5  are  interesting 
with  respect  to  the  fuel  gas  flow  design.  At  the 
fuel  outlet  of  return  flow  [4),  where  the  partial 
pressure  of  H2  is  lowered,  the  H2  utilization  is 
reduced  compared  with  that  of  the  case  of  cross 
flow.  This  is  important  from  the  corrosive  point 
of  view,  because  cathode  potential  shifts  to  ca¬ 
thodic  as  fuel  utilization  increases. 

Fig. 6  (a)  shows  the  potential  variations  of 
cathode  and  anode  with  redox  potentials  (H+/H2,H*, 
02/H20)  against  RHE  (the  reference  electrode  at 
each  position).  The  reference  potential  at  fuel 
outlet  (R3,R4)  shifted  to  anodic  vs.  Ri  potential, 
and  the  shift  value  was  equivalent  to  the  poten¬ 
tial  shifts  of  cathode  and  anode  in  fuel  outlet. 
Then,  we  can  change  the  expression  of  Fig. 6  (a)  to 
Fig. 6  (b),  which  was  standardized  by  the  potential 
of  RI .  Here  the  potential  of  cathode  and  anode  vs. 
RI  are  not  changed  at  all,  inversely  the  redox  po¬ 
tential  of  H  +  /H2  or  H* ,02/H20  vs.  RI  is  changed. 
The  redox  potentials  are  changeable  by  the  PH 
change  of  the  electrolyte  (92  mV/PH  at  190  C).  The 
acidity  of  the  electrolyte  in  fuel  outlet  should 
be  changed  to  basic. 

It  is  very  interesting  that  the  acidity  of 
electrolyte  in  the  plane  of  a  cell  could  vary  from 
location  to  location. 
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The  polarization  of  cathode  at  fuel  inlet  was 
increased  when  H2  utilization  was  increased  as 
shown  in  Fig. 3.  Tt  was  caused  by  the  change  of 


Fig.1  Schematic  figure  showing 
arrangement  of  single  cell  with 
four  reference  electrodes. 


Fig. 3  Potential  changes 
cathode  and  anode  with  H2 
lization  of  SPG. 
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Fig. 5  Potential  changes  of 
cathode  and  anode  by  diluted  H2 
gas . 


Fig. 6  Representat  i  ve  potential 
of  cathode,  anode  and  redox  (H* 
H2  ;  02  ,H*/H20) , (a  1  against  RH s.  < 
the  reference  electrode  at  ea^h 
position!, (hi  againsf  R ' . 


Fig. 4  Potential  changes  of 
cathode  and  anode  by  CO  poison¬ 
ing  at  !50*C,  100mA/cm2. 
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For  energy  storage  and  supply  in  space  electrolyzers 
and  fuel  cells  with  very  high  efficiency  and  very 
mature  development  status  are  necessary.  Within  a 
study  performed  by  Dornier  System  and  funded  by 
ESTEC,  (title:  Fuel  Cell  Component  Development), 
European  regenerative  fuel  cell  (RFC)  systems  were 
investigated. 

The  technologies  are 

-  mobile  alkaline  electrolyte  systems 

*  conventional 

•  advanced  (e.g.  E)oflux  technique  of  VARTA) 
immobile  alkaline  electrolyte  systems 

-  ion  exchange  membrane  (IEM)  systems 

For  mobile  alkaline  electrolyte  (KOH)  electrolyzers 
as  well  as  fuel  cells  a  very  wide  know-how  exists  in 
Europe.  Sophisticated  systems  can  be  found  with  vari¬ 
ous  technical  terrestrial  applications .  Variants  on 
this  technology,  e.g.  the  Elof lux- technique ,  are  al¬ 
ready  developed  and  have  found  technical  applica¬ 
tion. 

Inroobile  alkaline  electrolyte  systems,  which  are  al¬ 
ready  used  for  space  application  in  U.S.,  are  of 
great  interest  for  space  application  in  Europe,  too. 
Unfortunately  only  minor  know-how  on  this  techniques 
can  be  found  in  Europe. 

In  the  field  of  IEM  technologies,  SPE  (solid  polymer 
electrolyte)  electrolyzers  are  very  well  developed  in 
contrast  to  SPE  fuel  cells  and  have  a  wide  potential 
for  terrestrial  application. 

Other  technologies,  e.g.  phosphoric  acid  fuel  ceils, 
molten  carbonate  fuel  cells  and  electrolyzers,  high 
temperature  solid  oxide  electrolyte  electrolyzers, 
have  a  very  promising  development  status  but  are  not 
considered  for  space  application  yet. 

Due  to  the  space  application  general  impacts  on  fuel 
cell  and  electrolyzers  as  well  as  on  the  peripheral 
components  result.  Special  physical  conditions  such 
as  p-g  environment,  high  acceleration  forces  and 
vibrations  during  launch  and  reentry  as  well  as 
extreme  requirements  on  safety,  reliability  (life¬ 
time),  volume  and  mass  have  to  be  considered.  Some 
critical  points  are  the  gas/liquid  and  liquid/gas 
separation,  the  handling  of  hot  concentrated  potas¬ 
sium  hydroxide,  the  water  removal  out  of  the  electro¬ 
lyte  in  mobile  alkaline  fuel  cells  and  the  reliable 
long-time  operation  of  pumps  as  well  as  the  aspects 
of  thermal  management.  All  components  (inclusive 
peripherals)  have  to  operate  with  the  highest  effi¬ 
ciency,  which  will  have  an  influence  on  the  system 
mass . 

A  short  description  and  evaluation  of  the  different 
RFC  systems  shall  be  given. 


The  characteristic  of  the  mobile  alkaline  system  is  a 
KOH  circuit  with  the  advantage  of  a  good  water  and 
heat  management  of  the  fuel  cell  and  the  electroly¬ 
zer.  A  disadvantage  is  the  necessity  of  a  gas/elec¬ 
trolyte  separation  for  the  electrolyzer  and  the  water 
removal  out  of  the  electrolyte  via  an  electrolyte 
regenerator  for  the  fuel  cells.  The  efficiency  cf 
this  system  (about  60  %  fuel  cell  and  about  90  % 
electrolyzer)  needs  further  improvement.  The  main 
reason  for  the  efficiency  loss  is  the  relatively  wide 
gap  between  the  electrodes  which  is  required  by  the 
electrolyte  flow. 

The  Elof lux  technique  of  VARTA  has  the  advantages  of 
an  electrolyte/gas  separation  inside  the  electrodes 
and  of  a  very  compact  design.  Disadvantages  are  high 
temperature-  and  concentration  gradients  within  one 
electrode  package. 

Immobile  alkaline  electrolyte  systems  have  the  advan¬ 
tage  of  very  small  gaps  between  the  electrodes  which 
leads  to  high  efficiencies  (about  65  %  for  fuel  cells 
and  about  95  %  for  electrolyzers).  No  electrolyte 
circuits  as  well  as  electrolyte/gas  separations  are 
necessary.  Disadvantages  are  the  relatively  sensible 
water  management  and  the  necessity  of  an  extra  cool¬ 
ing  loop  for  the  stack  (cooling  plates). 

SPE  techniques  have  the  advantage,  that  an  agreasive 
electrolyte  has  net  to  be  handled.  Disadvantages  are 
the  necessity  of  cooling  plates  and  the  water/0, 
separation  for  the  liquid  water  feed  electrolyzer. 
For  the  SPE-fuei  ceil  probably  an  0, -humidi fier  is 
necessary  to  avoid  a  dry-out  and  ripping  aprt  of  the 
membrane.  The  efficiency  of  55  %  to  60  %  for  the  fuei 
cell  and  85  %  to  90  %  for  the  electrolyzer  is  rela¬ 
tively  low.  This  is  caused  mainly  by  the  membrane 
chai acteristics  (conductivity,  H , -perneabi 1 ity)  .  New 
membrane  developments  will  bring  improvements. 

In  principle  one  RFC  system  -ould  be  assembled  of  one 
SPE-electrolyzer  and  one  alkaline  fuel  cell.  Here  the 
feasibility  has  to  be  investigated,  e.g.  the  influen¬ 
ce  of  KOH-contamination  on  SPE  membranes. 

One  important  point  for  the  development  is  the  weight 
of  an  RFCS.  Here  not  only  the  electrolyzer,  the  fuel 
cell,  the  peripherals  and  the  storage  tanks  have  tc 
be  taken  into  account,  but  also  the  radiator  and  the 
solar  panels.  The  efficiency  of  the  fuel  cell  is  res¬ 
ponsible  for  the  size  (and  weight)  of  the  electroly¬ 
zer  and  the  radiator.  The  efficiency  of  the  electro¬ 
lyzer  determines  the  size  of  the  solar  panel. 

KOH-circuits  and  gas/liquid  separators  of  mobile 
electrolyte  systems  are  problematic  for  safety  and 
reliability  considerations.  On  the  other  hand  these 
sytems  have  a  very  simple  temperature  control. 

A  comparing  sunwary  of  the  me  ;t  important  evaluation 
and  selection  criteria  will  be  shown  as  result  of  the 
first  study  phase.  At  the  time  being  imnobile  alka¬ 
line  systems  seem  to  be  the  most  promising  for  space 
application,  followed  by  SPE  and  Elof lux  techniques. 
The  application  of  conventional  mobile  RFC  systems 
for  space  use  has  to  be  considered  as  problematic. 

The  results  of  the  first  study  phase  are  investigated 
more  deeply  at  the  time  being  within  the  second  study 
phase  on  RFCS,  which  is  funded  by  ESTEC  and  carried 
out  by  Dornier  System. 
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Introduction 

High  power  densities  are  essential 
to  minimize  the  capital  cost,  weight,  and 
volume  of  fuel  cell  power  plants.  High  power 
densities  should  be  achieved  without  sacrifice 
of  efficiencies.  Thus,  if  the  efficiency  of 
the  electrochemical  cell  stack  is  to  be 
greater  than  40%,  the  cell  potential  under 
rated  load  should  be  greater  than  0.6V.  In 
addition,  high  power  densities  are  necessary 
for  several  applications;  one  example  is  the 
transportation  application  in  which  a  high 
power  density  is  required  during  cruising  of 
the  vehicle,  and  two  to  three  times  the  rated 
power  is  necessary  for  start-up  and 
acceleration.  Space  and  military  applications 
also  demand  high  power  densities. 

Examination  of  cell  potential -current  density 
behavior  of  fuel  cells  shows  that  to  attain 
high  power  densities  (i)  the  activation 
overpotentials  needs  to  be  very  low  ( ~  300  mV 
at  1  A/ cm 2) ;  ( i i )  the  slope  of  linear  region 
of  such  plots  should  be  smaller  than  0.1  ohm 
cm  ;  and  (iii)  mass  transpot  effects  should  be 
negligible  up  to  very  high  current  densities, 
ray,  5  A/cm  .  In  this  context  the  phosphoric 
acid  and  the  molten  carbonate  fuel  cells  have 
little  chance  to  reach  high  power  densities 
mainly  because  of  the  high  overpotential  of 
the  oxygen  reduction  reaction  (~0.45  V  at  300 
mA/cm2)  in  the  first,  and  the  very  high  slope 
in  the  linear  region  (0.8  ohm  cm2)  ,  due  to  the 
relative  poor  conductivety  of  the  electrolyte, 
in  the  second.  Only  the  alkaline,  the  solid 
polymer  electrolyte  and  the  solid  oxide  fuel 
cell  systems  present  the  highest  possibility 
of  attaining  hiqh  power  densities.  Thus,  this 
paper  focusses  on  the  present  and  needed 
advances  in  these  technologies. 

Alkaline  Fuel  Cell  System 
The  only  fuel  cell  power  plant  in  operation 
at  high  power  density  is  the  one  with  alkaline 
electrolyte  and  H-  and  0_  as  reactant, 
manufactured  by  United  Technology  Corporation 
(1)  as  an  auxiliary  power  source  for  space 
vehicles.  The  electrodes  are  Teflon-bonded  and 
contain  unsupported  platinum  (anode)  and 
gold/platinum  (cathode)  electrocatalysts.  The 
electrochemical  cell  uses  an  extremelly  thin 
(50>um)  electrolyte  matrix  made  with  potassium 
titanate  in  which  KOH  35%  is  immobilized.  The 
cell  potential  vs  current  density  plot  shows 
that  extremely  high  current  densities  are 
achieved  in  the  predominantly  activation- 
controlled  region  (about  1  A/ciri  at  0.9  V), 
and  the  slope  of  the  linear  region  is  only 
0.05  ohm  cm2  .  This  low  value  of  the  slope  and 
the  negligible  effect  of  mass  transport  are 
the  main  reasons  for  attaining  high  current 
densities  (up  to  10  A/cm2)  at  a  moderate  cell 
potential  (0.5  V) . 

SPE  Fuel  Cell  Systems 
A  strong  competitor  for  the  alkaline  fuel 
cell  system  is  possibly  the  advanced  solid 
polymer  electrolyte  fuel  cell.  Recent  results 
from  Siemens  (Germany),  Ballard  Technologies 


Corporation  (Canada) ,  Dow  Chemical  (USA) , 
Ergenic  Power  Systems,  Inc.  (USA),  General 
Motors  Corporation  (USA)  and  Los  Alamos 
National  Laboratory  (USA)  strongly  indicate 
the  attainment  of  high  power  densities. 

Current  densities  of  4  A/cm2  at  a  cell 
potential  of  0.5  V,  80  °C,  and  8  atm  pressure 
have  been  reported  by  Ballard  Technologies  and 
by  Dow  Chemical  in  solid  polymer  electrolyte 
(Dow  membrane)  fuel  cells  with  Teflon-bonded 
electrodes  containing  4  mg/cm2  unsupported 
platinum,  and  using  pure  H?  and  O.  as 
reactants  (2).  The  Los  Alaffios  National 
Laboratory  investigators  are  focusing  on 
achieving  high  power  densities  in  such  fuel 
cells  using  low  platinum  loading  electrodes 
(0.5  mq/cm2  of  Pt) .  Current 

densities  of  2  A/cm2  have  been  attained  at  a 
cell  potential  of  0.5  V  using  Nafion- 
impregnated  electrodes  prepared  with  supported 
platinum  electrocatalysts  (3).  The  slope  of 
linear  region  in  the  cell  potential-current 
density  plots  is  0.1  ohm  cm2  for  the  most 
advanced  SPE  fuel  cell  systems. 

Solid  Oxide  Fuel  Cell  Systems 
The  rationale  for  developing  solid  oxide  fuel 
cell  as  high  power  density  systems  is  the  high 
projected  efficiency  for  electricity 
generation  as  compared  with  those  of 
phosphoric  acid  and  molten  carbonate  fuel 
cells  (4,5).  The  total  efficiency  for  the 
production  of  electrical  energy  from  the 
chemical  energy  of  coal  or  natural  gas  using 
the  fuel  cell  system  combined  with  a  gas 
turbine  operated  with  the  waste  heat  is 
projected  to  exceed  60%. 

Rapid  advance  in  this  technology  have  been 
made  at  Westinghouse  Corparation  (USA)  and 
Argone  National  Laboratory  (USA)  during  the 
past  5  years.  Nickel  is  being  used  as  the 
anode  electrocatalyst  and  strontium-doped 
lanthanum  manganite  as  the  cathode  one; 
yttria-stabilized  zirconia  is  the  electrolyte. 
The  cell  potential  vs  current  density  relation 
is  linear,  indicating  that  kinetic  effects  are 
not  significant  in  the  SOFC.  Although  the 
slope  is  relatively  high,  current  densities  up 
to  2.2  A/cm  has  been  observed  (4).  Further 
improvments  are  possible  though  reduction  in 
the  interfacial  resistances  within  the  cell. 
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CO  severely  poisons  fuel  cells  operating  at  low 
temperatures.  For  proton  exchange- membrane  (PBM)  fuel 
cells,  which  operate  at  temperatures  of  100*C  or 
below,  the  presence  of  low  levels  of  CO  in  the  anode 
feed  could  mean  significant  losses  in  cell  perform¬ 
ance.  PEM  fuel  cells  to  be  employed  for  potential 
terrestrial  transportation  applications  and  modes  of 
extraterrestrial  application  are  expected  to  use 
hydrogen  that  contains  low  levels  of  CO. 

We  describe  first  a  detailed  evaluation  of  the 
performance  of  PEM  fuel  cells  employing  gas-diffusion 
electrodes  of  lo«  Pt  loadings  (0.4  mg/cm‘),  in  the 
presence  of  CO  levels  ranging  from  10-1000  ppm.  The 
performance  of  such  cells  on  "clean"  H2/O2.  or  on  H2/ 
air,  has  recently  been  described  in  detail. 1  The 
effects  of  the  following  parameters  have  been  inves¬ 
tigated  for  each  CO  level  in  the  anode  feed:  cell 
temperature,  hydrogen  and  oxygen  (or  air)  pressure, 
mode  and  degree  of  humidification,  and  the  nature  and 
thickness  of  the  ionomeric  membrane.  Attention  was 
paid  to  effects  both  at  the  anode  and  at  the  cathode. 
The  latter  is  important  because  of  possible  penetra 
t ion  of  CO  through  the  membrane  reaching  the  cathode 
catalyst  sites.  In  another  part  of  this  discussion, 
we  describe  results  of  single  cell  testing  obtained 
with  binary  alloys  that  have  been  considered  in  the 
past  as  anode  catalysts  with  better  "CO  tolerance" 
than  Pt . 

The  results  of  the  PEM  single  cell  testing  are 
complemented  by  results  of  experiments  with  rotating 
Pt  disk  electrodes,  performed  at  temperatures  ranging 
between  25 ’C  75*C  in  dilute  sulfuric  acid  solutions. 
Such  experiments  have  elucidated  key  factors  in  both 
the  transient  and  steady- state  response  of  a  Pt  cata¬ 
lyst  surface  that  is  operating  in  either  a  hydrogen 
oxidation  mode  or  an  oxygen  reduction  mode  in  the  pre 
sence  of  low  levels  of  CO.  Data  obtained  at  a  Pt  RDB 
for  the  oxygen  reduction  reaction  (o.r.r.)  in  the  pre 
senre  of  low  levels  of  CO  are  shown  in  Pigs.  1  and  2. 

At  low  temperature  (25°C),  the  decay  rate  of  the 
o.r.r.  due  to  CO  poisoning  becomes  progressively  slow 
er  as  the  anodic  potential  is  gradually  increased 
(Fig  1).  At  V  >  0.65  V,  CO  is  anodically  removed 
from  the  Pt  RDB  surface,  thereby  allowing  the  o.r.r. 
current  to  be  sustained. 

A  more  complex  and  interest. ng  behavior  is 
observed  for  the  o.r.r.  at  a  Pt  RDB  at  7‘."  As  shown 
in  Fig  2,  the  decay  rate  of  trie  o.r.r.  due  to  CO 
poisoning  is  greatest  between  0.15  V  and  0.55  V.  At 
potentials  more  positive  than  0.55  V,  CO  is  agn  n 
anodically  removed,  as  expected.  However,  CO  less 
strongly  blocks  at  V  <  0.3  V,  as  evidenced  by  the 
slower  decay  of  the  o.r.r,  current  in  the  most  catho 
die  potential  regime  and  by  the  ability  to  sustain 
steady  state  o.r.r.  currents  (Fig.  2).  These  RDB 
results  suggest  that,  within  the  Pt  H  region,  less  CO 
is  strongly  adsorbed  at  the  pt  surface  at  T  >  75*C. 
With  less  CO  at  the  Pt  surface  in  the  adsorbed  hydro 
gen  region,  the  oxygen  molecule  finds  an  effective 
route  for  reduction.  Surface  chemical  mechanisms 
accounting  for  this  complex  interfacial  behavior  and 
the  implications  of  this  effect  on  the  operation  of 
PKh  fuel  cells  at  temperatures  between  80*C  100“C 

will  be  discussed. 
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TIME  (minutes) 

Fig  1  Oxygen  reduction  reaction  at  25°C  as  a  func 
tion  of  time  at  constant  potential  for  a  Pt 
RDE.  Experimental  conditions  were:  rotation 
rate,  2500  rpm;  gas  flow,  400  seem;  gas 
composition,  0.502  +  0.495  Ar  ♦  0.005  CO; 
and  potentials  reported  versus  a  reversible 
hydrogen  electrode.  At  t  -  0,  the  Pt  RDE  was 
stepped  from  a  potential  of  1.2  V  (complete 
removal  of  CO  from  the  surface)  to  the 
potential  of  measurement. 
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Fig.  2.  Same  parameters  as  Fig.  1,  except  T  =  75*C. 
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Modification  of  the  Structure 
of  Hydrogen  Electrode  Catalyst  Particles 
Bonded  to  Solid  Polymer  Electrolytes 


S.  D.  Fritts  and  R.  F.  Savinell 
Case  Western  Reserve  University 
Department  of  Chemical  Engineering 
Cleveland,  Ohio  44106 

Catalyzed  solid  polymer  electrolytes  are  used  in 
hydrogen-haloeen  and  PEM  hydrogen-oxygen  fuel  cells.  Only 
the  hydrogen  electrode  is  bonded  to  the  cation  exchange 
membrane  in  hydrogen-halogen  fuel  cells,  while  both  the 
hydrogen  and  oxygen  electrodes  are  bonded  to  the  membrane 
in  the  PEM  fuel  cell.  The  purpose  of  this  paper  is  to  report 
studies  of  effects  of  modifications  of  the  structure  of  the 
hydrogen  electrode  on  cell  performance.  The  specific  system 
addressed  here  is  the  hydrogen-bromine  fuel  cell. 

A  schematic  of  a  hydrogen-bromine  fuel  cell  is  given  in 
Figure  1.  An  aqueous  solution  of  hydrobromic  acid  and 
bromine  flows  by  the  carbon  felt  bromine  electrode.  In  the 
other  half-cell  compartment,  during  discharge,  hydrogen  gas 
dissolves  in  the  membrane  and  diffuses  to  the  catalyst  particles 
which  are  embedded  in  the  membrane.  There,  the  hydrogen 
electrochemically  reacts  to  form  protons.  The  protons 
transport  through  the  membrane  to  the  bromine  half  cell. 
Previous  modelling  work  on  a  single  hydrogen-bromine  fuel 
cell  indicated  that  the  transport  properties  of  the  membrane 
are  the  most  influential  factors  in  controlling  cell  performance 
[lj,  so  further  efforts  have  been  undertaken  to  study  the 
membrane  transport  properties  more  closely  (2). 

The  catalyst  particles  embedded  in  the  membrane  were 
modelled  using  macro-homoeeneous  porous  electrode  theory 
13} .  The  dimensionless  model  equations  are  given  in  Table  1. 
Tne  model  takes  into  account  the  migration  and  diffusion  of 
rotons  through  the  membrane,  and  the  diffusion  of  dissolved 
ydrogen  through  the  catalyst  region. 

For  the  modelling  effort,  the  catalytic  region  is  assumed 
to  consist  of  spherical  platinum  particles  that  are  dispersed  in 
an  ionomer  membrane  structure,  (e.g.  NafionJ.  The  thickness 
of  the  catalyst  zone  is  a  few  microns  thick.  The  electrode 
structure  has  a  significant  effect  on  the  performance  of  the 
membrane  electrode  assembly.  When  the  catalyst  particles  are 
densely  packed,  the  performance  of  the  electrode  is  limited  by 
mass  transfer  of  the  hydrogen  §as  to  the  catalyst  sites.  This  is 
due  to  the  restricted  area  for  diffusion  and  limited  hydrogen 
solubility.  However,  if  the  catalyst  particles  are  loosely 
packed,  the  reaction  becomes  kinetically  limited. 

The  model  assumes  that  there  is  only  platinum  and 
ionomer  in  the  catalyst  zone,  (i.e.  no  binder  was  present). 
Figure  2  shows  the  calculated  membrane  performance  for 
several  catalyst  zone  thicknesses  and  different  platinum 
loadings.  Here  the  electrode  structure  is  constant  throughout 
the  catalyst  zone.  The  optimum  performance  for  each 
platinum  loading  occurs  when  the  ionomer  and  platinum 
composition  are  about  50  volume  percent. 

One  method  of  preparing  the  membrane  electrode 
assembly  Is  to  hot  press  the  platinum  and  ionomer  mixture 
onto  an  ionomer  film.  This  would  cause  the  electrode  structure 
to  be  non-uniform,  with  particles  that  are  deeper  in  the 
membrane  being  less  densely  packed.  Parametric  studies  on 
performance  with  constant  and  non-uniform  catalyst 
distributions  will  be  discussed.  The  effect  of  placing  the 
catalyst  such  that  the  particles  are  less  densely  packed  at  the 
gas/membrane  interface,  then  becoming  more  densely  packed 
deeper  in  the  membrane  is  treated  as  well  as  the  onposite 
situation. 

Further  results  of  theoretical  studies  of  electrode 
structure  modifications  will  be  presented,  as  well  as  some 
experimental  work  to  support  this  modelling  effort. 
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Table  1.  D  l  men  i  loo  I  «*•  equation*  used  to  model  the  catalyst  tone  of  the  membrane 
electrode  aaaembly. 
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Figure  1.  Schematic  of  hydrogen-bromine  fuel  cell. 
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Figure  2.  Calculated  membrane  performance  for  several 
catalyst  zone  thicknesses  and  different  platinum  loadings. 
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BFF8CT  OF  PLATINUM  CATALYST  DISTRIBUTION 
ON  THE  PERFORMANCE  OF  SOLID  POLYMER  ELECTROLYTE 
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Los  Alamos  National  Laboratory,  MS  D429 
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INTRODUCTION 

One  of  the  principal  objectives  of  the  Los  Alamos 
fuel  cell  program  is  to  develop  high-power-density, 
solid-polymer-electrolyte  fuel  cell  systems  with  elec 
trodes  containing  a  platinum  loading  of  one  tenth  c.r 
less  than  that  in  state-of-the-art  fuel  cells.  The 
essence  of  the  approach  used  to  attain  this  goal  is 
to  impregnate  a  proton  conductor  (»!afion)**  into  a 
porous  electrode1  containing  only  0.*  rag/ctn2  of 
Pt  and  then  to  bond  two  oi  these  electrodes  to  the 
proton  conducting  membrane.  By  using  the  standard 
10-wtX  Pt/C  jas  diffusion  electrodes  for  preparing 
these  membrane  and  electrode  assemblies,  a  high  power 
density  (-*-0.3  W/cra2)2  is  attained.  However,  to 
further  increase  the  power  densities,  it  was  necessary 
to  modify  the  electrode  structure.  This  was  achieved 
by  using  electrodes  with  a  thinner  electrocatalyst 
layer  and  by  depositing  a  thin  platinum  film  on  the 
front  surface.3 

The  morphologic  characterization  of  these  elec¬ 
trodes,  using  Scanning  Electron  Microscopy  (SBM) , 
Transmission  Electron  Microscopy  (TEM) ,  and  Rutherford 
Backscattering  Spectrometry  (RBS) ,  carried  out  during 
the  development  of  these  electrodes  is  presented  in 
this  paper.  We  also  explain  how  the  performance  of 
SPB  fuel  cells  with  low-platinum-loading  electrodes 
is  dependent  on  their  morphologic  characteristics. 
EXPERIMENTAL 

Platinum-on-carbon  electrocatalysts  containing 
10- ,  20- ,  and  40-wtl  Pt/C  were  custom-made  by 
Prototech,  Inc.  Such  powders  were  used  by  Prototech 
for  preparation  of  low-catalyst-loading  gas  diffusion 
electrodes  with  thinner  electrocatalyst  layers.  To 
concentrate  the  catalyst  near  the  front  surface,  a 
thin  layer  of  platinum  (corresponding  to  a  thickness 
of  500  A  on  a  smooth  surface  or  to  0.05  mg/cra2  on 
the  electrode)  was  sputtered  on  the  catalyst  layer  of 
the  electrodes. 

RESULTS  AND  DISCUSSION 
SEM  Analysis 

Although  some  micrographs  of  the  top  of  the  cata¬ 
lyst  layer  of  the  electron _s  were  obtained,  the  SEM 
was  also  used  to  examine  cross  sections  of  the  mem¬ 
brane  and  electrode  assemblies.  It  was  observed  that 
such  a  small  amount  of  sputtered  Pt  did  not  introduce 
any  visible  change  to  the  micro-structure  of  the  elec¬ 
trode  at  the  resolution  of  the  SEM.  Within  the  sensi¬ 
tivity  of  the  SBM  analysis,  the  sputtered  Pt  seems  to 
be  completely  dispersed  over  the  high  surface  area  of 
the  carbon  support. 

TEM  Analysis 

Transmission  electron  microscopy  was  used  to 
examine  the  supported  platinum  on  carbon  electrocata¬ 
lysts  and  fragments  of  the  catalyst  layers  from  the 
electrodes.  The  TEM  pictures  of  the  Pt/C  electrocata¬ 
lysts  were  further  analyzed  to  determine  the  distribu¬ 
tion  of  the  platinum  particle  sizes.  An  example  of 
the  results  of  the  analysis  for  the  20-wtX  Pt/C  is 
presented  in  the  bar  charts  in  Fig.  1.  The 


♦Currently  on  leave  from  University  of  Sao  Paulo,  Sao 
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average  sizes  of  the  platinum  crystallites  were  found 
to  be  22  A,  29  A,  and  37  A  for  the  10- ,  20-,  and 
40-wt%  Pt/c  catalysts,  respectively.  An  analysis  of 
the  carbon  particles  with  the  sputtered  platinum  shows 
that  the  catalyst  was  deposited  as  fine  particles  with 
diameters  ranging  from  30  A  to  a  few  hundred  A.  There 
were  some  platinum  particles  that  were  either  dis¬ 
persed  or  agglomerated 
RBS  Analysis 

The  porous  gas  diffusion  electrodes  were  also 
submitted  to  RBS  analysis.  A  typical  result  is  pre¬ 
sented  in  Fig.  2  for  the  20-wt%  Pt/C  electrode  in 
which  the  sputtered  layer  of  Pt  was  applied.  It  is 
apparent  from  the  figure  that  the  sputtered  Pt  is 
localized  within  a  thickness  of  **“500  A  on  the 
front  surface  of  the  electrode.*** 

Correlation  With  the  Electrochemical  Results 

Electrochemical  experiments  show  that  the  sput¬ 
tering  technique  for  the  standard  electrode  (10-wt% 
Pt/C)  significantly  enhances  the  power  density  (by 
100-150%  at  lA/em2) .  There  was  additional  improve¬ 
ment  in  performance  of  the  cells  with  20-  and  40-wtX 
Pt/C  as  compared  with  the  10-wtX  Pt/C.  The  sputtering 
of  Pt  on  the  20-wt%  Pt/C  gave  rise  to  the  highest 
power  density  in  the  fuel  cell.  These  electrochemical 
results  correlate  well  with  the  morphological  data 
obtained  in  SBM,  TEM,  and  RBS  analysis. 
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***For  comparison,  we  have  also  included  the  RBS  pro¬ 
file  of  a  20-wtX  Pt/C  with  no  sputtered  layer. 


Fig.  1.  Particle  size  distribution  in  the  20-wtX 

Pt/C  catalyst  powder.  Particles  were  assumed 
to  be  spherical.  The  sizes  correspond  to  the 
average  diameters. 
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Rutherford  backseat tering  spectrum  from  fuel 
cell  electrodes  loaded  with  20-wt%  Pt/C.  To 
spectrum  had  500  A  platinum  layer 
sputtered  on  surface. 
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enhancement  of  the  current  density, 
particularly  in  the  Tafel  region,  at  highe 
rates  ot  the  auto-catalytic  reactions.  An 
enhancement  in  the  current  <le/ sity  is  aaai 
observed  (but  to  a  lesser  degree)  at  high 
rates  of  the  neutralization  reaction  (see  ; 
A  .  I  . 
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The  kinetic  reactions  taking  place  in 
alkali  carbonate  melts  depend  on  the  acid-base 
properties  of  the  re  It  (1)  .  However,  the 
;r.  terrain  nature  of  the  melt  chemistry  makes 
-  difficult  to  predict  a  priori  the 
rodem: hunt  species  in  the  melt  and,  as  a 

the  dominant  reaction  pathway.  Smith 
jj.  i2)  reported  that  the  major  reacting 
species  in  Li-K  melt  at  650  °C  is  the 
nope r oxide  i  or.  (O/)  .  On  the  basis  of  this, 

'.’.  gel  et.  ai .  (3)  inferred  that  the  electrode 
react icr.  occurs  by  the  3e '  superoxide  pathway, 
".t  -he  -her  hand,  Appleby  and  Nicholson  (4) 
attributed  the  reduction  process  to  the  2o* 
peroxide  pathway.  The  voltammef  r ic  results  of 
U'-hida  (5)  in  K-rich  (texts  supports  the 
simultaneous  reduction  of  both  peroxide  (O  ) 
ar.d  superoxide  species.  Therefore,  the 
kinetic  model  proposed  for  this  work  comb in ex 
the  s im.u 1 taneous  reduction  of  '  and  f 
species  at  the  electrode  (Eg.  {31  and  [•'.)> 
with  the  auto-catalytic  reactions  of  ti.--:  •* 
species  in  the  bulk  melt  (Eq.  12'  and  ar.d 

with  the  oxide  neutralization  react  icr.  (Eq. 
[61). 
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CONCLUSION 

An  enhancement  in  the  polarization  curv*-- 
occurs  in  the  presence  of  physically  cissolv*- 
oxygen  in  the  melt,  and  changes  in  the  auto- 
catalytic  reaction  rates  affect  the 
polarization  curves  signif icantly, 
particularly  in  the  Tafel  region. 
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RESULTS  _  AiCULI CCU.CSiQN 

Figure  1  shows  a  significant  increase  in 
the  reauction  current  with  increase  in  the 
concentration  of  molecular  (physically 
d  i  r.  sc  s  1  veil  O,  i  n  t  he  me  1 1.  .  Two  p  1  at  eau 
r^rions  are  apparent.  The  plateau  a l  *  re  mer* 
po  .  *  i  v  potent  ia  1  (  -  0 . 3V)  is  not  we  i  1  - 

:  meg,  and  can  V.»:*  attributed  mainly  to 
r'  -v:’  [4’,.  On  the  contrary,  the  se--.-',:,d 

nl-ifea-..  r.  *}.»■  T"  neg-i  ‘  ive  potential  can  )•»■* 
s?_  •  r  be*  eg  predominantly  to  the  r**d-.;.'t  in  ( 

-•  i  p .  F  ;  u u  *  ►  •  :  /  a  r. d  i  s  how  a : : 


fig  2  Effect  of  auto-ceta’ytic  reaction  tate  constant  in  Eq  (2)  on  the 
steady  state  polarization  curves  m  (68  32)  b/K  carbonate  men 
(H0  =10 1  moi/atm/cm1) 
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Surfaces  in  Aqueous  Nafion  Solution 

M.  Razaq,  D.  Chu,  D.  Gervaslo  and  E.  B.  Yeager 

Case  Center  for  Electrochemical  Sciences  and  the 
Chemistry  Department,  Case  Western  Reserve  University, 
Cleveland,  Ohio  44106 

Introduction 

Although  there  is  continued  interest  in  chemically 
modified  electrodes  with  a  surface  film  of  a  perfluor- 
inated  sulfonic  acid  ionomers  (PFSI),  like  Nafion 
(DuPont)  [1],  little  direct  information  is  available 
concerning  the  orientation  and  interaction  of  such 
ionomers  with  electrode  surfaces,  particularly  as  a 
function  of  applied  potential.  The  surface  normalized 
interfacial  Fourier  transform  infrared  spectroscopic 
(SNIFTIRS)  technique  12]  has  been  used  in  the  present 
research  to  study  the  interaction  between  a  metal  (Pt, 
Au)  electrode  surface  at  different  potentials  with 
Nafion  in  aqueous  solution  with  and  without  the 
presence  of  a  weakly  adsorbing  anion,  perchlorate. 

Experimental 

Aqueous  Nafion  solution  was  prepared  as  described 
previously  [3].  The  spectroelectrochemical  cell  used 
for  obtaining  SNIFTIRS  data  was  similar  to  that  used  by 
Bewick  et  al.  [2].  Spectral  measurements  were  made  with 
an  IBM  Instruments  IR-98AF  Fourier  transform  infrared 
spectrometer  with  a  liquid  N2  cooled  mercury  cadmium 
telluride  detector.  The  spectral  resolution  was  2  cm'1. 
The  difference  spectra  were  obtained  by  co-adding  1000 
scans  at  a  reference  potential  (0.05  V  vs  NHE)  and 
subtracting  these  from  1000  scans  co- added  at  a  poten¬ 
tial  of  interest.  The  potential  of  the  electrode  was 
switched  between  the  reference  potential  and  the  poten¬ 
tial  of  interest  every  20  interferometer  scans.  The 
angle  of  incidence  of  both  the  p-  or  s-polarized  radia¬ 
tion  with  the  electrode  surface  was  65°.  The  spectro- 
electrochemical  cell  was  fitted  with  a  zinc  selenide 
window. 

Results  and  Discussion 

Figure  1  shows  the  potential  difference  vibration¬ 
al  spectra  using  p-polarized  radiation  reflected  from  a 
Pt  electrode  in  aqueous  3.6  wt%  Nafion  solution  at  a 
series  of  potentials.  The  reference  potential  in  each 
case  was  0.05  V  vs  NHE.  The  absorption  spectrum  charac¬ 
teristic  of  Nafion  [4]  appeared  weakly  at  0.5  V  and 
became  more  intense  as  the  potential  was  made  more 
positive.  This  suggests  that  the  concentration  of  the 
Nafion  at  and  near  the  Pt  surface  was  increasing  with 
increasing  positive  potential.  For  potentials  more 
positive  than  0.9V,  however,  there  was  no  significant 
Increase  in  the  intensity  of  the  spectral  bands 
suggesting  a  constant  coverage  of  the  electrode  by 
Nafion  in  this  potential  range.  The  order,  in  which  the 
potentials  of  interest  were  applied,  did  not  show  any 
effect  on  the  absorption  spectra.  The  relative  intensi¬ 
ties  and  the  positions  of  the  absorption  bands  did  not 
change  with  potential  and  are  similar  to  those  for  the 
bulk  transmission  spectrum  of  Nafion.  This  suggests 
that  there  Is  no  preferred  orientation  of  the  polar  or 
nonpolar  moieties  of  Nafion  relative  to  the  surface. 

Figure  2  shows  the  SNIFTIRS  spectra  for  p-polar¬ 
ized  radiation  reflected  from  a  Au  electrode  at  a 
series  of  potentials  in  the  same  Nafion  solution  used 
for  the  experiments  with  Pt  as  described  above.  A 
similar  trend  was  found  with  Au  as  was  found  for  Pt 
For  Au.  however,  the  increase  in  intensity  of  the 


spectra  levelled  off  when  the  potential  was  increased 
to  1.3  V  vs  NHE  and  greater.  It  is  interesting  to  note 
that  1.3  V  is  roughly  the  potential  for  the  onset  of 
oxide  formation  on  Au,  whereas  0.9  V  is  just  after  the 
onset  of  oxide  formation  on  Pt  in  acid  media. 

With  p-polarized  radiation  reflected  from  the 
electrode,  the  observed  changes  in  the  intensity  of 
absorption  bands  with  changing  potential  indicate  that 
the  absorption  bands  predominately  correspond  to  the 
species  at  the  electrode/electrolyte  interface.  This 
was  further  supported  by  another  evidence ,  namely  that 
when  the  concentration  of  Nafion  was  lowered  from  3.6 
to  1 . 8  vt%,  the  intensity  of  Nafion  absorption  bands  at 
a  given  potential  reduced  only  by  a  factor  of  about 
0.8.  The  non-linear  response  to  bulk  concentration  is 
as  expected  for  surface  phenomena  involving  an  adsorp¬ 
tion  isotherm.  For  a  small  optical  absorption,  a  linear 
response  to  bulk  concentration,  on  the  other  hand, 
would  be  expected  for  the  absorption  of  radiation  by 
species  in  the  bulk  solution.  A  strong  interaction  of 
anions  (e.g.,  found  with  HSO4*)  with  metal  surfaces 
leads  to  changes  in  the  intensity  as  well  as  the  posi¬ 
tion  of  the  absorption  bands  [5].  No  changes  in  the 
positions  of  the  Nafion  absorption  bands  were  found 
implying  Nafion  is  a  relatively  weakly  adsorbing  elec¬ 
trolyte.  and/or  only  a  small  part  of  Che  polymer  mole¬ 
cule  is  in  contact  with  the  surface  with  the  remainder 
extending  into  solution. 

It  is  possible  that  at  more  positive  potentials 
the  Nafion  goes  to  the  electrode  simply  to  compensate 
charge  resulting  in  the  observed  potential  dependence 
of  the  intensity  of  the  spectra.  This  is  somewhat  borne 
out  by  the  surface  spectra  of  the  Pt  and  Au  in  aqueous 
1.8  wt%  Nafion  solution  containing  ten- fold  excess  of 
perchloric  acid  (Baker  Ultrex  grade  reagent)  shown  in 
Figure  3.  With  no  added  perchlorate,  the  spectra  for 
the  electrode  surface  in  1 . 8  wt%  aqueous  Nafion  solu¬ 
tion  were  found  to  be  virtually  the  same  as  those  for 
the  electrode  in  the  3.6  wt%  aqueous  Nafion  solution  as 
shown  in  Figs.  1  and  2,  except  that  the  intensity  of 
the  absorption  bands  found  with  1.8  vt%  Nafion  in 
solution  were  0.8  times  the  intensity  found  with  3.6 
wt%  Nafion  in  solution,  as  mentioned  above.  Upon  the 
addition  of  a  ten-fold  excess  of  perchloric  acid  to  the 
1.8  wt%  Nafion  solution,  however,  the  intensity  of  the 
strong  Nafion  absorption  bands  between  1350  to  1100 
cm*1  diminished  over  three- fold  on  Pt  and  Au ,  and  a 
strong  absorption  band  centered  about  1100  cm'1,  which 
is  characteristic  of  CIO4'.  appeared.  This  apparently 
indicates  that  both  electrolytes  compete  for  the  elec¬ 
trode  surface. 

Cone lus ion 

The  similarity  between  the  relative  peak 
intensities  in  the  bulk  transmission  spectrum  and  the 
SNIFTIRS  spectra  with  both  Pt  and  Au  surfaces  suggests 
that  there  Is  a  random  orientation  of  Nafion  at  the 
electrode/electrolyte  interface.  Nafion  apparently 
adsorbs  on  the  metal  electrode  surfaces.  The  positions 
of  the  absorption  bands  do  not  change  significantly, 
even  at  very  positive  applied  potentials,  indicating 
the  infrared  spectra  do  not  give  evidence  for  a  strong 
interaction  of  the  Nafion  with  the  electrode  surfaces. 
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Fig.  1.  SN1FT1RS  spectra  from  the  Pt/solution  inter¬ 
face  at  various  potentials.  The  aqueous  solu¬ 
tion  contained  3.6  wt%  Nafion.  Reference 
potential  was  0.05  V  vs  NHE. 
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Fig.  2.  SNIFTIRS  spectra  from  the  Au/solution 
interface  at  various  potentials.  The  aqueous 
solution  contained  3.6  wt%  Nafion.  Reference 
potential  was  0.05  V  vs  NHE. 


Fig.  3.  SNIFTIRS  spectra  from  the  metal/solution 
interface  at  various  potential.  The  aqueous 
solution  contained  1.8  wt%  Nafion  plus  HClO^ 
(10-fold  molar  excess  in  terms  of  ionic 
constituents).  Spectera  with  the  Au  electrode 
on  the  left;  Pt  electrode  on  the  right 
Refernece  potential:  0  05  V  vs  NHE. 
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Although  the  fundamental  principles  underlying  the  be¬ 
havior  of  ion-exchange  membranes  is  not  entirely  understood, 
these  materials  have  found  use  in  many  recent  technologies. 
In  this  work,  we  provide  a  theoretical  description  of  transport 
occuring  in  perfluorosulfonic-acid  membranes  — the  model  we 
develop,  however,  is  general  and  could  be  used  to  explain  trans¬ 
port  in  most  all  synthetic  and  biological  membranes.  Unlike 
other  macrohomogcneous  membrane  models,  no  restrictive  as¬ 
sumptions  are  employed  in  our  solution  to  the  equations  de¬ 
scribing  ion  and  solvent  transport,  the  adsorption  of  coions 
and  counterions  are  treated,  and  all  of  the  transport  parame¬ 
ters  are  easily  related  to  tabulated,  physicochemical  data.  A 
schematic  illustration  of  the  membrane-pore  system  is  shown 
in  Fig.  1.  Sulfonate  groups  constitute  the  fixed-charge  sites 
( —  SO3  );  the  counterion  species  are  protons,  and  bisulfate  ions 
are  the  coinns. 

For  the  characterization  of  ion  transport  in  polymeric  sys¬ 
tems,  we  start  with  the  Nernst-Planck  equation  with  velocity 

N ,  =  -z,  Jy.P.c.V*  tr.v  (1) 

(A  bold  font  implies  a  vector  quantity.)  In  writing  the  above 
equation,  we  have  employed  the  Nernst-Einstein  relationship 
for  systems  dilute  in  the  transporting  ion  1.  This  allows  for  the 
elimination  of  the  ion  mobility  it,  as  an  independent  parameter 
(i.e.,  u,  -  DJ(RT)).  In  Eq.  1,  the  flux  of  an  ion  N,  is  related 
to  gradients  in  potential,  conceit  I  rat  ion,  and  momentum,  re¬ 
sulting  in  migration,  diffusion,  and  convection,  respectively.  A 
material-balance  equation  and  the  Nernst-Planck  equation  can 
be  combined  to  yield 

°ai  -  i fD •  U.v*  +  vc,  •  v*)  +  aW.  v  -  v,-.  (2) 

Since  the  flow  of  charge  is  related  to  the  current  density  i 
in  solution,  we  can  write  for  the  electric  potential 

V*  -  -  -(X>iAV<-,)4  (3) 

The  conductivity  k  is  position  dependent  as  it  is  related  to  the 
concentration  of  charge  carriers 

F2 

K  V  23D«Cj  (4) 

RT 4-  1  v  * 

In  many  membrane  systems,  the  counterions  specifically 
adsorb  to  the  fixed-charge  sites.  We  represent  such  adsorption 
processes  with  a  Langmuir  expression 

A*--  — —  (5) 

I'm  "  c,,adt 

where  the  subscript  m  refers  to  the  membrane  fixed -charge 
site.  The  concentrations  of  fixed-charge  sites,  coions,  mobile 
counterions,  and  adsorbed  counterions  adjust  so  that  any  small 
volume  element  of  membrane  (corresponding  to  our  differential 
element)  is  electrically  neutral 


f  Y  Z'C'  f  51  «''«<•  0 


In  this  electroneutrality  expression,  the  fixed-charge  sites  are 
denoted  with  a  subscript  m. 

Electric  potential  and  pressure  gradients  generate  convec¬ 
tion  within  the  pores  of  the  ion-exchange  membrane.  We  use 
a  modified  version  of  Schlbgl ’s  equation  of  motionl1,2'  so  that 
specific  adsorption  of  colons  and  counterions  can  be  treated. 

k 

v  -  -({ 2mcm  +  Y  ztc,Mt)FV*  -  VP|  (7) 

t1  , 

The  quantity  P  represents  the  combined  effect  of  static  pres¬ 
sure  and  gravitational  forces. 

The  equation  of  mass  continuity  for  incompressible  fluid 
flow  can  be  applied  to  Eq.  7,  with  the  result 

+  (8) 

Equations  2,  3,  4,  5,  7,  and  8  represent  4  +  2i  equations 
and  are  balanced  by  the  4  +  2t  variables:  c,,  a,  c\,<uOi  v, 
and  P.  Electroneutrality,  Eq.  6,  is  used  to  remove  one  of  the  t 
material-balance  equations.  The  variable  x  is  used  to  represent 
the  distance  coordinate:  x  ranges  from  0  at  reservoir  /  to  L  at 
reservoir  //,  as  is  indicated  in  the  following  schematic. 


*=0  x=L 

Reservoir/  |  Membrane  |  Reservoir// 


Initial  and  boundary  conditions  are 


c,(0,  x)  =  < 

(9) 

c,(t,  0)  =  K,c\ 

(10) 

c,(t,L)  =  A'.c" 

(11) 

*(0)  =  0 

(12) 

J5 

0 

II 

*3 

(13) 

P(i)  =  p" 

(U) 

The  material  balance  for  reservoir  /,  which  is  well  mixed, 
JVi  .4  s’ I 


dcl 
di  ' 


A  i 

i/,L«  V>  H  n'FV' 


(15) 


where  the  concentration  variable  c  and  flux  variable  .V  without 
subscripts  refer  to  binary  electrolyte  quantities  (sulfuric  acid 
in  this  work).  Equation  15  would  also  be  written  for  any  addi¬ 
tional  binary  electrolytes  present  in  the  system.  The  subscript 
2  refers  to  coion  quantities.  The  initial  condition  for  Eq.  15  is 


<■'(0)  <•'-  (16) 

A  similar  material- balance  equation  can  be  written  for  the  acid 
concentration  in  reservoir  II 

An  example  of  the  model  results  from  a  situation  in  which 
no  current  is  passed  between  the  two  reservoirs;  a  1.0M  sulfuric 
acid  solution  exists  on  one  6ide  of  the  membrane,  and  a  0.1  M 
solution  on  the  other  side.  The  dimensionless  acid  concentra 
tion  within  the  membrane  is  shown  in  Fig.  2. 

In  summary,  a  maorohomogeneous  mathematical  model  for 
the  simulation  of  ion  and  solvent  transport  within  an  ion- 
exchange  membrane  is  presented.  Transport  by  diffusion,  mi¬ 
gration,  and  convection  are  treated.  The  physicochemical  pa¬ 
rameters  used  in  this  analysis  are  experimentally  easy  to  ob¬ 
tain.  In  an  accompanying  paper,  we  present  an  experimental 
investigation  utilizing  this  model  for  characterization  purposes. 


REFERENCES 


(6) 


90 


1.  R.  Schlbgl,  Z.  phy.uk.  Chcm.  (Frankfurt ),  3(  1955)73. 

2.  R.  Schlbgl,  Ber  Bunscngcs.  Phy»tk  Chcm.,  7ft(  1966)400. 


LIST  OF  SYMBOLS 


A  membrane  superficial  area,  cm* 

c  concentration,  mol/cm3 

V  diffusion  coefficient,  cm/s3 

F  Faraday’s  constant,  96487  C/equivalent 

i  current  density,  A /cm2 

I  current,  A 

k  permeability,  cm3 

K  partition  coefficient 

L  membrane  thickness,  cm 

n  number  of  electrons  per  reaction 

N  ion  flux,  mol/cm*  *s 

P  pressure,  N/m2 

R  gas  constant,  8.314  J/moI-fC 

a  stoichiometric  coefficient  for  species  in  reaction 

i  time,  s 

T  temperature,  K 

v  velocity,  cm/s 

V  volume,  cm3 

z  charge  number 

0  Langmuir  adsorption  parameter  (Eq.  5),  cm3/mol 

p  pore-fluid  viscosity,  g/cm-s 

v  stoichiometric  coefficient 

4>  electrical  potential,  V 


Figure  1 .  Schematic  illustration  of  a  pore  within  an  ion-exchange 
membrane.  £  refers  to  the  fixed-charge  sites  (S03~ );  •  refers 
to  the  coions  (HSO,  );  and  o  refers  to  the  counterions  (H+). 
The  fixed  charge  sites,  coions,  and  counterions  are  hydrated 
species. 
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Figure  2.  Membrane  acid  concentration  (c/cn-°)  profiles  as  a 
function  of  position  (x/I)  and  time  ( tD/L *). 
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In  an  accompanying  Part  I  of  this  paper,  the  authors  de¬ 
veloped  a  mathematical  model  for  the  simulation  of  ion  and 
solvent  transport  through  ion-exchange  membranes.  In  this 
paper,  we  describe  radiotracer  techniques  that  can  be  used  in 
conjunction  with  the  model  to  obtain  the  proton  and  bisulfate- 
ion  diffusion  coefficients  within  a  Nafion  1171  membrane  sepa¬ 
rating  two  aqueous  sulfuric  acid  reservoirs. 

There  has  been  a  number  of  recent  experimental  studies  of 
ion  and  solvent  transport  in  perfluorosulfonic  acid  membranes. 
Most  of  these  works  have  dealt  with  systems  of  interest  to  the 
chloro- alkali  industry,  since  this  is  the  largest  industry  in  which 
perfluorosulfonic  acid  membranes  can  be  utilized  to  present  an 
immediate  economic  advantage  as  older  production  facilities 
are  replaced.  Radiotracer  techniques  are  well  suited  for  the 
study  of  transport  within  ion- conducting  membranes  because 
of  the  extreme  accuracy  and  precision  associated  with  them 
and  the  non-invasive  (with  regard  to  the  membrane-electrolyte 
system)  nature  of  the  radioisotopes. 

The  most  valuable  contribution  resulting  from  the  acqui¬ 
sition  of  ion  diffusion  coefficients  is  an  elucidation  of  mem¬ 
brane  pore  structures  that  could  give  rise  to  the  determined 
values  of  the  diffusion  coefficients,  A  large  amount  of  litera¬ 
ture  is  devoted  to  structure  studies  of  perfluorosulfonic  acid 
membranes.  A  popular  concept  used  to  explain  transport  in 
these  membranes,  often  termed  the  cluster-network  model,  is 
that  narrow  (%10-A)  pores  connect  larger  pores  of  ^60  A 
in  diameter,  and  that  the  narrow  pores  dominate  the  ion  and 
solvent  transport  characteristics.  While  60- A  dimensions  are 
easily  seen  with  light-scattering  techniques,  as  demonstrated 
in  a  number  of  structure  studies,  the  purported 

concept  of  the  narrow  connecting  pores  has  not  been  verified. 
The  slow  rate  of  coion  transport,  relative  to  counterion  trans¬ 
port,  within  Nafion  is  attributed  to  the  electrostatic-repulsion 
forces  between  the  coions  and  the  fixed-charge  groups  in  the 
10- A -pore  regions. 

To  determine  the  transport  rates  of  bisulfate  ions  and  pro¬ 
tons  through  Nafion-117  membranes,  radiotracer  techniques 
were  developed  because  of  their  high  sensitivity  and  selectivity. 
A  cell  was  designed  and  constructed  that  utilized  two  reservoirs 
of  equal  volume  so  that  each  reservoir  could  contain  at  least  50 
mL  of  electrolyte  (Fig.  1),  This  volume  was  selected  to  ensure 
that  up  to  0.1  -mL  aliquots  of  electrolyte  could  be  removed 
from  the  reservoirs  during  the  experiment  for  analysis  with¬ 
out  appreciably  affecting  the  cell  transport  characteristics  or 
the  concentration  of  species  in  the  reservoirs.  Fifty-microliter 
aliquots  of  electrolyte  were  withdrawn  from  the  cold  reservoir 
(t.c.,  the  reservoir  not  initially  tagged  with  3RS)  at  five  intervals 
spaced  over  the  duration  of  the  experiment. 

1  trademark  of  E  I  duponl  dr  Nemours  and  Company 


The  first  set  of  experiments  about  which  we  report  concerns 
the  acquisition  of  the  bisulfate-ion  diffusion  coefficient.  The 
reservoirs  depicted  in  Fig.  1  were  filled  with  identical  concen¬ 
trations  of  sulfuric  acid.  Then  a  small  amount  of  Ha^SO*  was 
added  to  the  hot  reservoir  at  time  zero.  (The  concentration  of 
radiotracer  species  was  always  at  least  six  orders  of  magnitude 
less  than  that  of  the  reservoir  concentrations  of  sulfuric  arid.) 

Data  are  shown  in  Fig.  2.  The  diffusion  coefficients  D. 
are  shown  in  Fig.  3.  Note  that  when  the  partition  coefficient 
(obtained  in  a  separate  experiment)  is  taken  into  account,  the 
resulting  diffusion  coefficient  of  the  H35SO^  ion  is  virtually 
constant  even  though  the  arid  concentration  varies  from  0.003 
to  1.0M. 

It  is  apparent  from  the  constant  value  of  the  diffusion  coef¬ 
ficient  below  a  1.0M  H2SO,  concentration  that  dilute-solution 
equations  can  be  used  to  describe  the  coion  transport  within 
the  pores  of  the  membrane.  Using  a  Bniggeman-type  rela¬ 
tionship,  we  can  relate  the  membrane  porosity  8  (0.27  for  this 
system)  and  the  diffusion  coefficient  of  the  bisulfate  ion  in  free 
solution  at  infinite  dilution  D ",  which  is  1.33  •  10  5  cm*  s: 

D,  Dny  ,11 

Using  1.43  >  10  6  rnr  s  for  D..  we  obtain  a  value  .,f  1.7  for  B 
This  is  very  close  to  the  1.5  value  obtained  by  Bruggeman  for 
diffusion  through  close-packed  spheres. 

No  .special  structure  had  to  be  introduced  to  explain  the 
transport  of  the  bisulfate  ion  over  this  broad  range  of  conceu 
trations. 

Acquiring  the  proton  diffusion  coefficient  is  not  as  easily 
accomplished  using  radiotracer  techniques  as  acquiring  that  of 
the  bisulfate  ion.  Hydrogen  atoms  are  present  on  bisulfate 
ions,  protons,  and  water  molecules  hence  tritium  atoms,  for 
example,  would  partition  themselves  among  these  species  as 
well. 

Instead  of  using  a  hydrogen  isotope  to  ascertain  the  rate 
of  proton  transport,  we  have  made  use  of  the  diffusion  poten¬ 
tial  that  exists  within  an  ion-exchange  membrane  if  the  coton 
ami  counterion  diffusion  coefficients  are  different  and  the  reser 
voirs  on  either  side  of  the  membrane  are  of  different  concern 
tration.  The  hot  reservoir  was  filled  initially  with  1.0M  sulfu¬ 
ric  acid,  and  the  cold  reservoir's  initial  acid  concentration  was 
<UM.  Since  no  current  is  passed  during  the  experiment  and  the 
coion  and  counterion  charges  are  of  equal  magnitude  |  1  and 

*  1,  respectively),  an  electric -potential  profile  is  formed  so  that 
the  colons  and  counterions  transport  at  the  same  rate  Diffu 
sion  and  migration  art  in  opposite  directions  for  the  counterion 
(proton)  ami  in  the  same  direction  for  the  roion  Relative  t.. 
the  hisulfate-ion  self  diffusion  case  described  in  the  last  section, 
an  H‘SO,  radiotracer  placed  in  the  hot  reservoir  will  trau> 
port  across  the  membrane  at  a  faster  rate  due  to  the  additional 
migration  component 

A  plot  of  the  acid  concentration  in  the  cold  reservoir,  "h 
tained  from  the  <sS  radiotracer  data,  is  shown  in  Fig.  4  The 
model  developed  in  Part  1  is  used  to  obtain  the  solid  line  in 

Fig.  4 
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Figure  2.  Radiotracer  concentration  in  the  cold  reservoir,  rel 
ative  tt i  that  in  the  hot  side,  versus  time.  The  sulfuric  acid 
concentrations  are  listed  for  each  curve.  The  symbols  denote 
experimental  data,  and  the  solid  lines  represent  simulations 
using  bisulfatc-ion  diffusion  coefficients  yielding  the  best  fit 


Figure  4.  Results  from  the  concentration  cell  experiment.  Tht 
cold  reservoir  acid  concentration  is  plotted  against  time.  Tht 
symbol  •  denotes  experimental  data,  and  the  solid  line  result? 
from  the  model  with  a  proton  diffusion  coefficient  of  3  5  >  lit  * 
cni’/s. 
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A  DYNAMIC  MODEL  OP  POROUS  GAS  DIFFUSION  ELECTRODES 

I.  D.  Raistrick  and  T.  E.  Springer 

Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

INTRODUCTION 

Although  significant  attention  has  been  given  to 
steady-state  modeling  of  porous  gas  diffusion  elec¬ 
trodes  for  fuel  cell  applications,  little  development 
of  dynamic  models  has  taken  place.  This  is  partly  due 
to  the  complex  nature  of  the  systems,  in  which  the 
current  distribution  is  a  function  of  both  DC  poten¬ 
tial  and  time  (or  frequency).  The  advantage  of  a 
dynamic  model,  however,  is  that  the  information  con¬ 
tent  is  very  high,  due  to  the  out-of -phase  or  charge 
storage  components  of  the  response.  This  allows  the 
different  contributions  to  the  electrode  polarization 
(ohmic,  mass  transport,  and  charge -transfer  kinetics) 
to  be  separated  by  their  characteristic  time  con¬ 
stants.  In  addition,  a  dynamic  model  allows  the  per¬ 
formance  of  the  fuel  cell  to  be  evaluated  under  pulsed 
operating  conditions.  The  general  scheme  adopted  in 
this  work  may  be  outlined  as  follows: 

1.  An  appropriate  physical  me  del  of  the  elec¬ 
trode  is  defined. 

2.  The  corresponding  mathematical  model  is  then 
developed. 

3.  The  DC  or  steady-state  behavior  is  calculated 
from  the  model. 

4.  A  small-signal  time-dependent  perturbation 
analysis  is  carried  out  around  a  steady-state 
point. 

5.  The  impedance  may  be  compared  with  frequency- 
or  time-dc-ain  measurements,  and  parameters 
may  be  adjusted  by  a  nonlinear  least-squared 
error  fitting  routine. 

DESCRIPTION  OF  THE  MODELS 

The  class  of  models  examined  so  far  may  be 
described  as  generalized  transmission  line  models. 
Early  work  in  this  area  is  reviewed  by  de  Levie.1 
The  double- layer  charging  and  the  Faradaic  processes 
(including  diffusion)  are  supposed  to  be  distributed 
over  a  finite  depth  of  reaction  zone,  and  hence,  over 
a  finite  pore  resistance.  This  approach  is  appropri¬ 
ate  if  the  electrode  structure  is  uniform,  i .e. .  the 
geometry  of  the  processes  is  independent  of  the  depth 
of  current  penetration.  It  is  not  appropriate  if,  for 
example,  the  electrode  contains  a  continuous  distribu¬ 
tion  of  pore  sizes,  as  is  found  in  a  fractal  model. 
Some  results  have  previously  been  reported  for  a  thin- 
film  model . ^  During  that  work,  it  was  found  that, 
although  'thin-film'  mass  transport  limitations  are 
present  at  high  current  densities,  the  model  inade¬ 
quately  described  the  experimental  potential  depend¬ 
ence  of  the  various  contributions  to  the  electrode 
impedance.  The  description  of  the  e'xtrode  has 
therefore  been  extended  to  include  a  flooded  agglomer¬ 
ate  model, 3  as  well  as  the  thin  film.  A  schematic 
representation  of  the  model  is  shown  in  Fig.  1.  Here 
the  catalyst  particles  are  supposed  to  be  uniformly 
distributed  in  an  agglomerate  region,  which  is  made 
up  of  both  electronic  (carbon)  and  ionic  (electrolyte) 
components.  The  principal  mode  of  gas  transport  is 
in  large  hydrophobic  channels.  The  gas  diffuses  into 
the  agglomerate  through  a  thin  film  of  electrolyte. 
Within  the  agglomerate,  the  concentration  profile  of 
the  gas  is  determined  by  the  Faradaic  rate  constant, 
diffusion  coefficient,  size  of  the  agglomerate,  and 
the  overpotential.  In  contrast  to  the  thln-film 
region,  the  concentration  profiles  are  non-linear. 
Potential  variations  due  to  the  electrolyte  resistance 
in  the  agglomerate  itself  may  be  neglected,  compared 
with  those  caused  by  the  (electrolyte)  resistance 
distributed  through  the  thickness  of  the  electrode. 


RESULTS 

The  mathematical  model  corresponding  to  Fig.  1 
is  shown  in  Fig.  2.  The  small -signal  impedance  of  a 
differential  element  of  the  pore  wall  has  been  calcu¬ 
lated  for  the  complete  case  of  the  thin  film  in  series 
with  the  agglo-^^afce  using  the  LaPlace  transformed 
time -dependent  diffusion  equations.  Tafel  kinetics 
were  assumed  to  operate  at  the  surface  of  the  catalyst 
particles.  Out-of-phase  or  dynamic  response  is  caused 
by  the  delayed  shift  in  the  concentration  profile 
following  a  shift  in  overpotential.  An  approximate 
equivalent  circuit  has  been  derived  for  this  element, 
which  consists  of  a  finite- length  diffusional  compo¬ 
nent  due  to  the  thin  film,  coupled  with  a  simple  sub¬ 
circuit  of  two  resistances  and  a  capacitance  that 
represent  the  agglomerate.  The  dependence  of  the  mag¬ 
nitudes  of  the  circuit  elements  on  the  thin-film  and 
agglomerate  parameters,  as  well  as  on  the  independent 
variables  of  potential  and  concentration,  h' s  been 
derived.  The  complete  electrode  impedance  s  then 
calculated  by  distributing  the  film/ agglomerate  impe¬ 
dance  along  the  length  of  the  pore,  in  parallel  with 
a  distributed  double-layer  capacitance.  In  general, 
the  model  predicts  three  'time  constants'  in  the  elec¬ 
trical  response.  The  first  of  these  is  associated 
with  distributed  double-layer  charging,  the  second 
with  the  agglomerate  storage/dissipation  processes, 
and  the  third  with  the  thin-film  finite-length  diffu¬ 
sion  processes. 

The  predictions  of  the  model  have  been  compared 
with  the  impedance  of  ionomer- impregnated  supported- 
catalyst  gas  diffusion  electrodes,  used  in  solid  poly¬ 
mer  electrolyte  fuel  cells.4*5  The  data  were  fitted 
to  the  model  for  a  variety  of  conditions  (temperature, 
pressure,  and  electrode  potential),  and  the  quality 
of  the  models  was  assessed.  Possible  improvement:-  to 
the  models,  such  as  introduction  of  a  distribution  of 
characteristic  sizes,  have  been  considered  and  will 
be  discussed. 
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ELECTRODE  MODEL 


Fig,  I,  Schematic  representation  of  thin-film  and 
agglomerate  model  of  a  single  pore.  The 
expanded  region  indicates  one  gas  concentra¬ 
tion  profile  through  the  flow  and  agglomerate 
regions . 
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Fig.  2.  Mathematical  model  of  electrode  assumes  dif¬ 
fusion  processes  are  orthogonal  to  the  dis¬ 
tributed  ohmic  resistance  and  to  the  current 
f  low. 
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INTRODUCTION 

The  zinc-bromine  battery  is  attractive  for  load 
leveling  applications  (1).  Here  overall  AC/AC  effi¬ 
ciency  is  very  important.  Combined  power  conditioning 
and  battery  pumping  losses  are  in  the  vicinity  of 
102.  So  a  high  electrochemical  efficiency  is  desir¬ 
able.  Major  reductions  in  cell  resistance  are 
unlikely.  Therefore,  further  improvements  have  to  be 
in  coulombic  efficiency.  Coulombic  efficiency  is 
largely  determined  by  the  transport  of  bromine  species 
through  the  separator  during  cell  operation  and 
standby.  Other  sources  of  losses  are  9hunt  currents. 
The  modes  of  transport  through  the  separator  are 
diffusion,  migration  and  convective  flow.  In  modeling 
zinc-bromine  batteries  certain  assumptions  have  to  he 
made  about  the  dif fusivities  of  various  bromine 
species  (2).  The  presence  of  bromine  complexing 
agents  may  also  affect  the  ratio  of  the  species 
present.  The  present  paper  is  about  a  9imple  method 
for  determination  of  the  relative  contributions  of 
diffusion  and  migration  of  bromine  species  through 
separators . 

EXPERIMENTAL 

The  cell  used  was  a  slightly  modified  version  of 
a  ceLl  described  previously  (3).  Provisions  were  made 
for  passing  current  through  the  separator  during  the 
bromine  permeation  measurements.  Most  measurements 
were  done  on  Daramic  (W.  R.  Grace  Co.)  separators. 
Measurements  were  made  In  several  electrolytes. 

Various  combinations  of  bromine,  zinc  bromide  and 
quaternary  ammonium  compiexing  agent  were  used  to 
simulate  cells  at  various  stages  of  charge. 

RESULTS  AND  DISCUSSION 

As  expected,  the  relative  combinations  of  migra¬ 
tion  and  diffusion  depended  on  whether  the  ceil  was  in 
charge  or  discharge  mode.  In  1M  ZnBr2,  with  0.06M  Br2 
on  one  9lde  of  the  merahrane,  the  permeation  current 
was  0.95  mA/cra  .  A  40  raA/cm2  charge  decreases  the 
current  to  a  0.55  mA/cra''1  and  a  40  mA/cm2  discharge 
increased  the  current  to  1.42  mA/cm.  The  presence  of 
the  quaternary  ammonium  compound  decreased  both  the 
dlffuslvlty  and  the  permeaM  Li  ty . 
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introduction:  Johnson  Controls'  circulating 
electrolyte  zinc/bromine  system  is  being 
developed  for  electric  vehicle  and  load¬ 
levelling  appl ications .  The  battery  uses  an 
all-plastic  construction  with  bipolar  elec¬ 
trodes.  The  electrolyte  consists  of  an 
aqueous  solution  of  zinc  bromide,  quaternary 
amines  which  complex  bromine  to  reduce  its 
activity  and  facilitate  its  storage  outside 
the  battery,  and  (optionally)  monovalent 
chloride  salts  which  increase  the 
electrolyte  conductivity. 

The  main  source  of  inefficiency  in  the 
system  is  diffusion  of  aqueous  bromine 
through  the  separator.  For  load-levelling 
applications,  energy  efficiency  is  the 
overriding  concern;  therefore  the 
electrolyte  composition  must  be  optimized  to 
achieve  low  aqueous  bromine  solubility  in 
order  to  minimize  diffusion  of  bromine 
across  the  separator. 

For  electric  vehicle  applications,  the  re¬ 
quirements  are  more  difficult  because  many 
factors  need  to  be  considered.  They  include 
high  power  capability,  high  energy  effi¬ 
ciency,  minimum  weight,  and  low  freezing 
point. 

Expe r imental :  Electrolyte  conductivity  mea¬ 
surements  were  made  with  a  Radiometer  type 
CDM2e  conductivity  meter.  Solution  temper¬ 
atures  were  held  at  25  +  1°  C.  Bromine  sol¬ 
ubility  was  measured  by  the  iodometric  ti¬ 
tration  method. 

Cell  testing  was  done  with  90  cm4  electrode 
Cells  with  electrolyte  gaps  of  .040”.  The 
separator  was  a  polyethylene/silica  type 
(Asahi  SF-600).  Cycling  conditions  were: 
1.5-amp  charge  for  5  hours;  2,5-amp  dis¬ 
charge  to  1.0  volt.  The  cells  were  shorted 
after  each  cycle. 

Results:  The  results  are  displayed  in  Fig- 
ures  1  through  6.  Figure  1  shows  the  re¬ 
sistivity  of  aqueous  zinc  bromide  as  a  func¬ 
tion  of  concentration.  The  solutions  were 
adjusted  to  pH  3  +  0.1  to  avoid 
precipitation  of  zinc  bromide  when  it  was 
diluted  (the  zinc  bromide  had  a  molarity  of 
approximately  9  as  supplied).  The  results 
showed  a  resistivity  minimum  at  about  2 
molar,  which  is  similiar  to  other  published 
work. 

Figure  2  shows  the  resistivity  of  aqueous 
solutions  of  one  of  the  quaternary  amines, 
N,N-methyl  ethyl  py r r ol idi nium  bromide 
(MEP)  . 

The  resistivity  of  MEP  is  quite  high 
relative  to  zinc  bromide;  therefore  its 
concentration  in  electrolyte  needs  to  be 
kept  as  low  as  is  feasible. 


Figure  3  shows  the  resistivity  and  bromine 
solubility  as  a  function  of  zinc  bromide 
concentration  for  an  actual  electrolyte  com¬ 
position  containing  zinc  bromide,  potassium 
chloride,  and  quaternary  amines.  This  plot 
shows  the  resistance  penalty  incurred  if  a 
high  concentration  of  zinc  bromide  is  used 
in  order  to  minimize  electrolyte  weight  for 
electric  vehicle  applications.  The  aqueous 
bromine  solubility  in  this  electrolyte 
reaches  a  plateau  at  a  zinc  bromide 
concentration  of  about  3  molar.  This  is  a 
fortuitous  occurrence.  It  suggests  that 
there  is  no  penalty  other  than  increased 
resistivity,  if  the  zinc  bromide 
concentration  is  increased  above  3  molar. 

Figures  4  and  5  show  the  results  of  varying 
the  amount  of  chloride  salt  additive  in  a 
given  electrolyte  composition.  Figure  4 
shows  that  potassium  chloride  and  ammonium 
chloride  are  very  similiar  in  their  effects 
on  electrolyte  res i s i t i vi ty .  Figure  5  shows 
that  while  potassium  chloride  decreases  the 
aqueous  bromine  solubility,  ammonium 
chloride  has  the  opposite  effect. 

However,  in  an  actual  battery,  no 
performance  difference  between  the  ammonium 
and  potassium  chloride  salts  was  seen.  This 
is  shown  in  Figure  6,  in  which  cell 
efficiencies  are  plotted.  Cycles  13-18  used 
electrolyte  containing  ammonium  chloride, 
and  cycles  19-31  used  electrolyte  containing 
th-  same  concentration  of  potassium 
chloride.  The  reason  for  the  lack  of 
observable  difference  is  not  clear  at  this 
t  ime  . 

Summary:  In  the  zinc/bromine  system  the 

concent  rat  ions  of  zinc  bromide,  quaternary 
amines,  and  supporting  electrolyte  salts  can 
be  varied  over  a  certain  range  in  order  to 
optimize  certain  parameters.  We  have  pre¬ 
sented  results  of  some  basic  property  mea¬ 
surements  which  illustrate  how  electrolyte 
compositions  can  be  optimized  for  different 
applications . 
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INTRODUCTION 


We  are  developing  an  electrochemical 
reactor  for  production  of  HCl.1  In  this 
reactor,  a  platinum  catalyst  is  used  at  the 
anode  for  the  oxidation  of  hydrogen.  Since 
the  anode  is  exposed  to  high  concentrations 
of  HCl,  a  major  concern  is  the  poisoning  of 
the  platinum  by  chloride  ion.  Halide  ions, 
in  general,  and  chloride  in  particular,  have 
been  shown  to  alter  the  adsorption  isotherms 
of  hydrogen  on  platinum.2 


Regenerative  hydrogen-halogen  cells, 
developed  for  load  leveling  purposes,  employ 
a  cation  exchange  membrane  to  protect  the 
platinum  catalyst. ^  The  membrane  was  pressed 
against  a  high  loading  (8  mg  Pt/cm2 )  platinum 
black  anode.  These  cells  have  applications 
in  space  power  where  cost  is  not  a  major 
concern.  To  reduce  the  cost  in  our  system, 
the  electrocatalyst  is  a  low  loading 
(0.5  mg  Pt/cm2)  carbon  supported  platinum 
analogous  to  that  used  in  phosphoric  acid 
fuel  cell  technology.  Recent  work  by 
McBreen4  indicates  that  pressing  a  membrane 
against  this  carbon  supported  electrocatalyst 
would  not  be  effective  in  utilizing  the 
platinum.  Rather,  the  cation  exchange 
material  must  be  extended  into  the  porous 
electrode  to  coat  the  individual  platinum 
particles . 


Other  groups  tried  impregnation  of 
porous  electrodes  with  Nafion  R  cation 
exchange  material  to  enhance  oxygen  reduction 
at  the  cathode  in  the  Dhosphoric  acid  fuel 
cell.  ^  we  extended  this  concept  to  the 
enhancement  of  chloride  tolerance  for  the 

H2“cl2  an°de • 


EXPERIMENTAL 

Electrochemically  accessible  platinum 
surface  area  was  measured  using  cyclic 
voltammetry.  Surface  area  measurements  were 
conducted  on  Nafion  coated  and  uncoated 
platinum  in  the  absence  and  presence  of 
chloride  ion.  The  feasibility  of  the  Nafion 
coating  concept  for  the  improved  tolerance  to 
chloride  ion  was  first  demonstrated  on  smooth 
platinum  and  then  applied  to  carbon  supported 
platinum  in  a  porous  gas  diffusion  anode.  A 
novel  coating  technique  was  developed  for  gas 
diffusion  anodes  yielding  Nafion  loadings  of 
1-3  mg/cm2.  The  coated  and  non-coated  anodes 
were  further  characterized  by  scanning  elec¬ 
tron  microscopy  (SEM). 

RESULTS  AND  DISCUSSION 

The  feasibility  of  the  Nafion  coating 
concept  for  improved  chloride  tolerance  was 
demonstrated  on  smooth  platinum.  Figures  1 
and  2  show  cyclic  voltammograms ,  in  1M  HCl, 
of  uncoated  and  Nafion  coated  platinum, 
respectively.  In  the  presence  of  chloride 
ion  the  surface  area  of  platinum  decreased 
46  percent  for  the  uncoated  electrode,  but 
only  a  16  percent  reduction  in  available 


platinum  surface  area  was  observed  for  the 
coated  platinum. 

A  presoaking/cycling  pretreatment  was 
developed  to  measure  the  platinum  surface 
area  in  a  gas  diffusion  anode  using  cyclic 
voltammetry.  We  demonstrated  the  effective¬ 
ness  of  this  treatment  by  comparing  the 
platinum  surface  area  measured  from  a  hydro- 
phobic  gas  diffusion  anode  (high  Teflon  R 
content  and  sintering  temperature)  with  an 
electrolyte  flooded  "CV"  electrode  structure 
(low  Teflon  content  and  sintering  tempera¬ 
ture).  The  measured  platinum  surface  areas 
of  an  anode  and  a  CV  electrode  were  the  same 
(Figure  5),  indicating  complete  accessibility 
of  the  platinum  in  the  gas  diffusion  anode. 

Electrochemical  accessibility  of  the 
platinum  in  the  anode  was  maintained  with 
Nafion  coating  as  shown  in  Figures  3  and  4. 
The  Nafion  coated  anode  exhibited  similar 
behavior  to  an  uncoated  anode  during  the 
cycling  treatment  (Figure  5).  Improved 
chloride  tolerance  was  observed  for  a  Nafion 
coated  anode  versus  an  uncoated  anode  (Fig¬ 
ure  6).  As  the  chloride  ion  concentration 
increased  to  1M,  the  available  platinum  sur¬ 
face  area  decreased  less  than  15  percent  for 
the  coated  anode  compared  to  a  75  percent 
decrease  for  the  uncoated  anode. 

Examination  of  coated  and  uncoated 
anodes  using  SEM  showed  evidence  of  Nafion 
impregnation  into  the  catalyst  layer.  Large 
regions  of  a  "tree-like"  structure  of  Nafion 
were  apparent  (Figures  7  and  8).  There  were 
also  regions  where  we  did  not  observe  Nafion. 
However,  based  on  the  chloride  tolerance 
results,  we  conclude  that  Nafion  is  coating 
most  of  the  platinum  particles,  we  are  cur¬ 
rently  extending  this  concept  to  an  operating 
anode  under  hydrogen  consuming  conditions. 

This  work  is  funded  under  DOE  Contract 
No.  DE-AC-02-86ER80 366 .  The  authors  acknowl¬ 
edge  the  support  and  encouragement  of 
Mr.  W.  Huber. 
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Cyclic  Voltammogram  of  Smooth 
Platinum  in  IN  HC1 


Cyclic  Voltammogram  of  Nation 
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Cyclic  Voltammogram  of  Uncoated 
Gas  Diffusion  Anode  in  IN  HCl 


Cyclic  Voltammogram  of  Nation 
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Figure  5.  Results  of  Cycling  Study  of  CV 
Electrode,  Uncoated  and  Nafion 
Coated  Standard  Platinum  Anodes 
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Figure  6.  Results  of  Chloride  Tolerance 
Study  of  Uncoated  and  Nafion 
Coated  Standard  Platinum  Anodes 


Figure  7.  SEN  Photomicrograph  of  Cross 

Section  of  Nafion  Coated  Anode 
(200  X) 
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Figure  8.  SEN  Photomicrograph  of  Cross 

Section  of  Nafion  Coated  Anode 
(2000  X) 
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A  detailed  knowledge  of  the  initial  stages  of 
formation/reduction  of  the  different  superficial  films 
on  lead  in  5  M  H2S04  (the  lead-acid  battery  electrolyte) 
is  essential  for  the  understanding  of  the  processes  that 
participate  in  the  charge/discharge  cycle  of  a  lead-acid 
battery.  Cyclic  voltammetry  is  an  adequate  technique 
to  study  the  system  and  numerous  papers  have  been 
presented  in  the  literature.  However ,  most  studies  have 
been  carried  out  over  restricted  potential  ranges  and 
without  making  use  of  all  the  advantages  offered  by  the 
technique.  In  this  work  the  potentiodynamic  response 
of  lead  in  5 M  H2S04  is  explored  between  the  potentials 
corresponding  to  hydrogen  and  oxygen  evolution  reactions. 
Particular  attention  is  given  to  the  charges  involved  in 
each  of  the  observed  processes. 

Experiments  were  carried  out  at  room  temperature 
using  high  purity  lead  rods  (Aldrich  99.9995%,  $  =  0.4  cm). 
The  surface  was  polished  with  600  grit  emery  paper, 
treated  with  a  satured  solution  of  CH3COONH4  and  washed. 
The  electrode  was  introduced  into  the  electrolyte  already 
polarized  at  -  ). 2  V  vs  a  Hg/Hg£S04/5  M  H2  S04  reference 
electrode . 

GENERAL  CHARACTERISTICS  OF  THE  COMPLETE  VOLTAMMOGRAM 

As  shown  in  Figure  1  the  first  oxidation  process 
observed  at  -  0.9  V  (Aj.)  is  initially  very  fast  but 
quickly  Inhibited  and  followed  by  plateau  aL.  This 

plateau  is  detected  only  by  increasing  the  sensitivity 
10  times.  If  the  potential  is  reversed  at  -0.4V  only 
peaks  A2(anodic)  and  C],  (cathodic)  are  observed.  Peak 
Cj^  increases  if  the  potential  is  held  at  -  0.4  V  for 
varying  times,  indicating  that  A^ ,  a3  and  are  associated 
to  the  forraation/reduction  of  PbS04.  As  the  switching 
potential  moves  into  the  region  a2  ,  peaks  C2  and  C3  are 
observed.  These  peaks  increase  if  the  potential  is 
held  in  the  region  a2.  In  this  region  takes  place  the 
formation  of  an  internal  film  of  basic  lead  sulfates  and 
lead  oxide  protected  by  the  PbS04  film.  Previously, 
peak  C2  was  only  observed  at  low  temperatures  and  it  was 
associated  with  the  reduction  of  basic  lead  sulfate ( I , 2) . 
In  this  work  peak  C3  was  observed  either  by  increasing 
the  sensitivity,  by  growing  the  film  at  the  inversion 
potential  or  by  extending  the  sweep  anodically. 

In  the  region  a3  is  observed  an  activation  of  the 
surface  related  to  both  Pbf^  formation  and  02  evolution. 
The  cathodic  sweep  shows  complex  processes  in  the  region 
+  0.9 —  +  1.3  V  which  have  been  mentioned  previously 
(1,3-6)  but  are  not  yet  fully  understood.  g 

Figure  2  shows  the  ratio  of  the  total  anodic  (9t) 
and  cathodic  (q£ )  charges  as  a  function  of  the  switching 
potential  (E^).  Region  (a)  corresponds  to  the  formation 
of  PbS04  which  is  only  partially  reduced.  In  region  (b) 
the  basic  lead  sulfate  and  lead  oxide  formed  show  better 
reduction  characteristics.  Region  (c)  shows  an  increase 
in  q*/9t  ^ue  Co  Pb02  formation  and  02  evolution. 

Figure  2  defines  potent iodynamically  three  distinct 
regions  for  the  behavior  of  Pb  in  H2S04. 

REGION  OF  LEAD  SULFATE  (-  0.95/-  0.4  V) 


reaching  more  expressive  values  as  increases.  This 
leads  to  the  conclusion  that  for  surfaces  incompletely 
covered , only  a  small  fraction  of  the  nuclei  is  reduced. 

The  fact  that  <  q"  can  be  rationalized  in  terms 
of  film  -  breaking  due  to  internal  tensions  combined  with 
a  decrease  in  the  electrostriction  pressure  during  the 
cathodic  sweep.  The  breaking  of  the  film  exposes  small 
areas  of  fresh  substrate  resulting  in  peak  A2.  This 
shows  that,  contrary  to  previous  conclusions  (1,2),  it 
is  not  necessary  to  reach  the  region  of  PbO  formation 
to  observe  the  effects  of  film  breaking.  A  study  carried 
out  as  a  function  of  the  sweep  rate  shows  that  the  charge 
corresponding  to  the  broken  film  (qa  -  )  Is  very  small 

for  slowly  formed/reduced  films  increasing  for  highly 
defective  films  formed  at  fast  sweep  rates. 

REGION  OF  THE  BASIC  LEAD  SULFATE  AND  LEAD  OXIDE 
(-  0.3/+  1.3  V) 

Figure  3  includes  the  voltamraograms  for  switching 
potentials  -  0.5  and  +  0.9  V.  The  charges  corresponding 
to  the  processes  in  the  region  a2  were  obtained  as  a 
difference  from  the  two  voltammograms.  This  shows  that 
qa  s  q ®  indicating  that  the  internal  film  is  completely 
a2  a2 

reduced.  The  charge  corresponding  to  the  formation  of 
basic  Pb (II)  species  in  this  region  (qa)  corresponds  to 
the  area  a  +  28  and  correlates  well  with  that  of  peaks 
C2  and  C3  (q2).  Also,  the  excess  anodic  charge  (qa), 
area  Y  +26,  correlates  with  the  increase  in  peak  C3 
(q® ) ,  so  it  can  be  attributed  to  the  formation  of  PbSOfc 
in  region  a2. 

REGION  OF  THE  LEAD  DIOXIDE  (  >  1.3  V) 

Figure  4  shows  some  voltammograms  recorded  at 
different  holding  times  (t^)  at  +  1.4  V.  It  seems  reasonable 
to  conclude  that  peak  C4  corresponds  to  the  reduct  ion  of  PbO. 
to  PbS04-  This  process  is  superimposed  with  the  reoxidation 
of  the  metallic  substrate,  due  to  film  breaking,  which 
produces  peaks  A3  and  Afc . 

Figure  4  also  shows  that  the  cathodic  peaks  Ct, 

C2  and  C3  increase  when  the  potential  is  held  at  +  1.4  V, 
by  an  amount  which  is  much  larger  than  C4.  Thus,  in 
this  potential  the  formation  of  Pb  ( 1 1 )  spec  ies  also  takes 
place . 
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An  analysis  of  the  charges  involved  in  this  region 
as  a  function  of  E^  shows  that  the  reversibility  of  the 
film  (qj7qa)  is  low  for  values  of  E^  before  peak  A^ 
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FIGURE  3  -  Cyclic  voltammograms  of  lead  in  5  M  HjSO^. 
(r — )  Between  -  1.2  V  and  -  0.5  V, 

( - )  Between  -  1.2  V  and  +  0.9  V,  showing 

the  charges  corresponding  to  the  processes 
in  the  region  a^.  v  -  10  mV  s*1. 
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I.  INTRODUCTION: 

During  charging,  lead-acid  batteries 
(Pb-Sb)  will  generate  toxic  stibine 
gas  which  may  become  a  health  hazard. 
The  concentration  of  stibine  in  an 
isolated  area  where  the  lead-acid 
batteries  are  located  could  conceiv¬ 
ably  exceed  the  accepted  levels  for 
human  safety.  Therefore,  stibine  must 
be  removed  before  it  escapes  from  the 
lead-acid  batteries.  A  stibine  fil¬ 
ter  (1)  was  designed  for  this  purpose 
and  is  located  at  the  top  of  the 
flash  arrestor.  Initially  this  filter 
successfully  controlled  the  stibine 
generation  from  the  lead-acid  batter¬ 
ies  for  the  period  of  8-hour  charging 
at  the  voltage  of  2.55  V  by  using 
charcoal  as  a  adsorbent  (2) . 

The  objective  of  this  research  is  to 
study  the  efficiency  of  activated 
charcoal  and  other  materials  for  the 
removal  of  the  toxic  stibine  gas  from 
lead-acid  batteries.  By  studying  var¬ 
ious  adsorbents  in  different  pore 
sizes,  the  optimum  conditions  can  be 
obtained  to  ensure  the  safe  use  of 
lead-acid  batteries  in  confined 
areas . 

II.  EXPERIMENTAL 

Stibine  is  generated  from  a  chemical 
mixture  that  contains  potassium 
hydroxide,  potassium  antimony  tar¬ 
trate,  sodium  borohydride,  tartaric 
acid,  water  and  a  sulfuric  acid  solu¬ 
tion.  Stibine  gas  is  controlled  by 
the  addition  of  the  sulfuric  acid 
solution  (3). 

The  amount  of  stibine  adsorbed  onto 
the  adsorbent  is  determined  by  the 
change  of  the  color  at  the  end-point 
of  a  0.1  N  silver  nitrate  trapping 
solution.  The  stibine  produced  in  the 
reaction  vessel  is  flushed  through 
the  filter  into  the  trapping  solution 
by  a  carrier  gas  (either  air  or  some 
inert  gas)  at  a  fixed  flow  rate. 

Various  adsorbents  such  as  6-14  and 
50-80  mesh  activated  charcoal,  14-20 
mesh  silica  gel  and  4-8  and  8-12  mesh 
molecular  sieve  (zeolite)  were  used. 
To  optimize  the  amount  of  the  adsor¬ 
bent,  different  weights  varying  from 
5  grams  up  to  50  grams  were  tested. 


III.  RESULTS 

The  results  revealed  that  activated 
charcoal  is  superior  to  the  other 
adsorbents  in  trapping  stibine.  The 
differences  of  the  adsorbed  stibine 
sharply  increased  at  the  weight  above 
25  grams  (see  Figure  1) . 

The  effectiveness  of  the  adsorbent 
for  stibine  is  increased  from  the 
order  of  silica  gel,  molecular  sieve 
and  activated  charcoal.  For  each 
individual  adsorbent,  the  smaller  of 
the  particle  size  the  more  stibine 
adsorbed.  However,  the  50-80  mesh 
activated  charcoal  caused  some  backup 
pressure  which  may  incease  the 
internal  pressure  of  the  lead-acid 
batteries. 

The  temperature  study  of  activated 
charcoal  revealed  that  adsorption  of 
stibine  on  charcoal  is  an  exothermic 
reaction.  The  maximum  temperature  was 
obtained  at  105°C  from  the 
decomposition  of  stibine  when  35 
grams  of  6-14  mesh  activated  charcoal 
used.  Incidentally,  this  maximum 
temperature  occurrs  at  the  end-point 
where  the  charcoal  is  saturated  with 
stibine. 
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Sensors  for  automotive  components  help  pre¬ 
ventive  maintenance  and  also  minimize  maintenance 
costs.  The  automotive  battery  is  one  of  those 
essential  components  which  need  such  a  sensor.  In 
this  work  we  have  developed  an  automotive  battery 
status  monitor.  The  methodology,  software  and 
features  of  this  monitoring  system  will  be  pre¬ 
sented. 

Historically,  an  ammeter  and/or  a  voltmeter 
on  the  dashboard  has  served  as  a  battery  status 
monitor.  However,  they  have  provided  only  limited 
information,  and  that  too  only  for  "educated” 
drivers.  In  general,  the  car  is  taken  to  a  garage 
where  the  battery  is  tested  by  discharging  through 
a  load  by  a  skilled  mechanic.  From  the  battery 
characteristics  during  this  test,  the  instruments 
display  whether  the  battery  is  good  or  bad. 
Techniques  using  an  a.c.  signal  without  having  to 
discharge  the  battery  through  a  load  have  been 
described  in  the  literature.  However,  they  all 
need  the  battery  disconnected  from  the  electrical 
circuitry  of  .he  car.  In  this  investigation  we 
have  developed  a  methodology  and  software  for  a 
microprocessor  based  device  to  test  the  status  of 
the  battery  using  the  battery  starting  charac¬ 
teristics.  This  device  also  determines  the  low 
temperature  limit  below  which  the  battery,  under 
the  existing  conditions,  may  not  be  able  to  start 
the  car.  it  also  determines  the  defects,  if  any, 
in  the  battery  as  well  as  the  charging  system. 

The  battery  status  monitor  determines  the 
battery,  characteristics  from  two  sets  of  data; 
one  collected  during  the  normal  usage  of  the  SLI 
battery  and  the  other  during  a  special  test  pro¬ 
file  typically  in  conditions  like  highway  driving. 

The  test  cycle  involves  imposing  a  linearly 
increasing  current  or  voltage  ramp  onto  the 
battery  terminals  and  measuring  the  corresponding 
voltage  or  current  response  of  the  battery. 
Typically  the  current  signal  consists  of  an 
increasing  ramp  from  0  to  20  A  in  60  seconds, 
holding  constant  at  this  level  for  5  seconds,  and 
a  decreasing  ramp  from  20  to  0  A  in  60  seconds. 
When  voltage  ramping  is  used,  the  signal  consists 
of  an  increasing  voltage  ramp  from  open  circuit 
voltage  { 0C V )  to  an  end  voltage  corresponding  to 
0.5V  higher  than  the  0CV  for  each  cell.  In  both 
cases  if  the  voltage  limit  (2.6V/cell)  is  reached 
before  the  time  limit  (60  seconds),  the  increasing 
signal  changes  over  to  the  holding  portion.  The 
presence  of  a  maximum  in  dV/dl  versus  Iramp,  or  d 
minimum  in  dl/dV  versus  Vramp  indicates  the  gas 
point.  From  the  voltage  at  the  gas  point,  the 
number  of  cells  (N0C)  ,  is  calculated  using  the 


formula:  N0OVgas/2.50.  In  an  automotive  battery, 
this  would  normally  be  6.  Any  other  number  may  be 
indicative  of  a  defective  battery.  We  have  found 
that  the  current  at  which  the  gas  point  occurs  in 
the  ramp-up  direction,  I ga s - u p *  proportional  to 

the  battery  capacity.  Tne  current  at  which  the 
gas  point  occurs  in  the  ramp-down  direction,  lay¬ 
down*  reaches  the  lowest  possible  value,  typically 
around  0.8  A,  when  the  battery  is  fully  charged. 
Thus,  the  battery  capacity  can  be  determined  from 
the  former,  and  the  state  of  charge,  from  the 
latter  parameter. 

Batteries  with  mismatched  cells  give  rise  to 
two  or  more  gas  points  in  the  ramp-up  direction. 
Soft-shorted  cells  exhibit  an  inflection  dv/dl  at 
very  early  stages  of  the  ramp.  The  presence  of 
sulfated  cells  give  rise  to  an  inflection  in  the 
ramp-up,  but  no  corresponding  inflection  in  the 
ramp-down.  Thus,  several  battery  defects  are 
detected  in  the  test  cycle. 

A  microprocessor  with  embedded  software  will 
control  the  functions  of  (1)  al ternator/regulator, 
(2)  an  optional  clutch  or  field  coil  relay  that 
engages  and  disenqages  the  Uernator  with  the 
drive  system  and  (3)  the  batte-”.  It  measures  the 
battery  voltage,  alternator/regulator  output 
voltage  and  the  current  input  and  output  from  the 
battery.  It  can  send  an  appropriate  message  to 
the  indicator/display  system  on  the  dashboard. 

The  monitor  provides  the  state  of  charge  (S0C) 
of  the  battery  at  any  time.  When  the  battery  is 
near  its  fully  charged  status,  the  monitor  can  cut 
out  the  alternator  through  the  "clutch"  -  thus 
possibly  enhancing  the  gas  mileage.  When  either 
the  state  of  charge  is  below  a  set  limit,  or  the 
accessory  drain  current  is  above  a  preset  limit, 
or  the  ambient  temperature  is  below  a  preset  limit, 
the  power  source  is  kept  operational.  When  the 
car  is  off  (car  engine  not  running),  and  the  drain 
current  exceeds  a  present  limit  or  the  S0C  is 
lower  than  a  preset  limit,  the  battery  is  isolated 
from  the  rest  of  the  electrical  system  (or  the 
accessories  are  cut  off  from  the  battery). 

An  important  feature  of  this  system  is  its 
capability  to  indicate  the  low  temperature 
starting  limit  of  the  car  with  the  battery's  pre¬ 
sent  conditions.  The  monitor  arrives  at  a  number 
for  the  low  temperature  limit  by  taking  into 
account  both  the  engine  requirements  and  the 
battery's  ability  to  meet  them. 

The  battery  status  monitor  can  inform  the 
driver  whether  the  battery  needs  maintenance  or 
replacement.  The  monitor  can  advise  the  driver 
when  the  battery  terminals  need  cleaning. 

Likewise  it  does  well  in  indicating  the  addition 
of  water  when  the  electrolyte  level  is  too  low. 
Conditions  like  the  presence  of  one  or  more  bad 
cells  (low  capacity,  mismatched  cells  or  soft- 
shorted  cel  1 ( s ) )  indicate  in  advance  the  need  to 
change  the  battery. 
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AN  IMPEDANCE  STUDY  OF  THE  ELECTRODISSOLUTION 
OF  ALUMINUM  IN  4M  KOH  AT  25* C 
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and  Silvia  Real 
SRI  International 
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An  electrochemical  impedance  analysis  of  pure 
aluminum  in  4M  KOH  at  25*C  is  reported.  Impedance 
spectra  have  been  obtained  at  30-80  mV  intervals 
extending  from  the  hydrogen  evolution  region  at  -1.96 
V  (vs.  Hg/HgO,  4M  KOH)  to  the  transpassive  dissolution 
region  at  -1.35  V.  The  impedance  spectra  are  found  to 
consist  of  two  intersecting  capacitive  semicircles 
with  a  loop  at  intermediate  frequencies.  The  low 
frequency  capacitive  arc  and  the  loop  become 
increasingly  dominant  with  respect  to  the  high 
frequency  relaxation  as  the  potential  is  shifted  in 
the  positive  direction  (Table  1).  The  impedance 
spectra  and  the  steady-state  current/voltage 
characteristics  (including  the  partial  anodic  and 
cathodic  curves)  are  accounted  for  by  a  model 
involving  the  step  wise  addition  of  hydroxyl  groups  to 
surface  aluminum  atoms,  culminating  in  the  chemical 
dissolution  of  Al(0H)-j  to  form  Al(OH)^'  (Table  2). 

This  anodic  process  is  coupled  to  hydrogen  evolution 
via  competition  for  bare  surface  sites.  Comparison  of 
the  experimental  and  predicted  impedance  spectra 
indicates  that  the  total  concentration  of  reactive 
sites  on  the  surface  varies  with  potential  in  a  manner 
that  parallels  the  anodic  partial  current.  This 
variation  is  attributed  to  the  existence  of  a  porous 
corrosion  product  film  on  the  surface.  The  impedance 
analysis  also  indicates  small  values  (<0.l)  for  the 
transfer  coefficients  for  elementary  charge  transfer 
reactions;  these  are  attributed  to  the  highly 
assymetric  nature  of  the  reaction  coordinate  for 
reactions  involving  reactive  species  (Al  +  0H‘)  or  to 
strong  repulsive  interaction  between  adsorbed  species, 
as  embodied  in  the  iemkin  adsorption  isotherm. 

However,  the  impedance  data  do  not  provide  strong 
evidence  for  autocatalysis  and  it  appears  that  the 
simple  step-wise  mechanism  (Mechanism  I,  Table  2)  is 
the  most  appropriate  for  describing  the 
electrodissolution  of  aluminum  in  4M  KOH  at  25*C. 
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INTRODUCTION 

Advancements  in  PAFC  technology  require 
a  better  knowledge  of  the  morphological  char¬ 
acteristics  of  the  gas  diffusion  electrodes, 
both  with  regard  to  electrode  fabrication 
procedures  and  to  define  correlations  between 
morphology  and  electrochemical  performance. 

We  present  correlations  between  hydrogen 
oxidation  and  morphological  characteristics 
of  PAFC  * s  anodes. 

EXPERIMENTAL 

We  prepared  gas  diffusion  electrodes  by 
a  procedure  described  in  a  companion  paper. * 
The  preparation  parameters  varied  were: 
a)  %  PTFE  (30-70%)  at  constant  sintering 
T  (Ts  -  350°C  in  air,  15  min)?  b)  Pt  loading, 
<wPt),  from  0.2  to  0.5  mg  Pt/cm2  (constant  Ts 
and  %  PTFE);  c)  Ts  from  320°C  to  360°C(15  min 
in  N2  or  air)  at  constant  %  PTFE  (50%); 
d)  atmosphere  (N2  or  air);  e)  final  pressing 
of  the  electrode  (from  15  to  45  kg/cm2). 

The  as-prepared  electrodes  were  charac¬ 
terized  by  porosimetric  analysis  (Carlo  Erba 
Mod.  2000)  and  absorption  of  98%  w/w  H3PO4 
( P . A . )  at  200 °C  for  24  hr.  From  the  thick¬ 
ness  of  the  electrode,  Zc  (cm),  total 
porosity,  and  P.A.  absorption  in  the  catalyst 
layer,  we  have  derived  the  percent  acid 
occupation . 


RESULTS  AND  DISCUSSION 

We  have  observed  a  strong  correlation 
between  anode  performance  and  the  percentage 
of  acid  occupation  (PAO)  by  the  catalyst 
layers.*  PAO  is  defined  as  100  ( 4/0c )  where 
4  is  the  fraction  of  catalyst  layer  volume 
occupied  by  electrolyte  and  0C  is  the 
porosity  of  the  catalyst  layer.  PAO  is 
determined  from  the  experimentally  measured 
values  of  (gH3P04/g  catalyst  layer),  the 
total  pore  volumes  of  the  electrode  (Ves), 
the  catalyst  layer  (VA),  and  the  support  (V). 
Plots  of  4,  Ves  and  V^  as  a  function  of 
preparative  variables  (WPt,  Ts,  and  %  PTFE, 
respectively)  show  that  PAO  depends  most 
strongly  on  4*  and  Ves  and  VA  are  relatively 
insensitive  to  the  electrode  preparative 
variables.  Further,  analysis  of  the  results 
reveals  that  other  morphological  characteris¬ 
tics  such  as  total  gas  porosity  ( 0g  -  0c-4), 
porosity  of  the  agglomerate  region  (0, 
including  all  pores  <  0.4  v) ,  residual 
porosity  of  the  gas  filled  macropores  in  the 
agglomerate  (0g*,  including  all  pores  >  0.4^) 
are  correlated  to  the  PAO  (Figs.  1,  2  and  3). 
More  particularly  Fig.  2  shows  that  the  total 
gas  porosity  of  the  gas  filled  pores,  0„, 
decreases  as  PAO  increases.  Taking  into 
account  that  -  9C  -  4,  the  observed 


behavior  confirms  a  variable  degree  of  occu¬ 
pation,  as  preparative  conditions  are  made  to 
vary,  of  pore  volumes  occupied  by  the  p.A. 

(4)  versus  those  left  to  the  gas  (0g). 
Further,  we  observed  that  0  and  0g*  are  rela¬ 
tively  independent  of  PAO  (cf.  Fig.  2  and 
Fig.  3,  respectively).  We  conclude  that 
irrespective  of  the  preparation  variables 
(Ts,  teflon,  etc.)  the  morphological  charac¬ 
teristics  of  the  agglomerates  (0  and  0g*)  are 
strongly  influenced  by  those  of  the  original 
electrocatalysts.  The  preparation  parameters 
affect  the  macroscopic  structural  character¬ 
istics  of  the  electrodes,  as  evident  from  the 
descending  trends  of  0g  vs  PAO  (Fig.  1). 

This  observation  is  more  evident  when  "pore- 
filling"  of  the  agglomerate  is  plotted  vs  PAO 
(Fig.  4).  In  fact,  the  ratio  of  the  flooded 
to  total  pore  volume  of  the  agglomerate 
4/0  ( 1  —  0g * )  generally  increases  with  PAO. 
Since  0g  exhibits  an  opposite  trend,  we  sug¬ 
gest  that  preparative  variables  affect  the 
morphology  of  the  electrode  and  its  absorp¬ 
tive  characteristics  in  opposed  fashion 
(compare  Figs.  1  and  4).  Thus,  while  the  gas 
phase  porosity  of  the  electrode  changes  in  an 
obvious  way  with  PAO  (Figs.  1  and  4)  there 
are  no  corresponding  variations  in  the 
agglomerate ' s  morphological-absorptive 
characteristics  (Figs.  2-3). 
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INTRODUCTION 

Although  PAFC  technology  has  greatly 
advanced  up  to  the  scale  of  large  size  units, 
there  is  a  lack  of  published  information  as 
to  the  influence  of  the  preparative  condi¬ 
tions  upon  the  electrochemical  performance  of 
electrodes.  This  paper  faces  the  problem  of 
establishing  some  correlations  between  pre¬ 
parative  variables  (such  as  Pt-loadings, 
sintering  temperature  ( Ts )  and  %PTFE ) ,  and 
the  electrode  performance.  The  information 
is  useful  in  assisting  optimization  of  the 
preparative  conditions  and  in  modeling 
electrochemical  behavior,  as  outlined  in  a 
previous  paper . 1 

EXPERIMENTAL 

Electrodes  were  prepared  from  carbon 
paper  (Stackpole  PC  206)  which  was  wet- 
proofed  with  a  solution  of  FEP ,  dried  at  70°C 
and  sintered  at  340®C  for  15  minutes.  The 
catalyst  ink  was  prepared  by  mixing  and  stir¬ 
ring  ( 50-60°C ,  15  min)  3  g  of  10%  Pt/C  (MSA  - 
65  m2/g  Pt,  S.A.  of  carbon  -  61  m2/g),  62  ml 
H2O  and  2.2  ml  of  Teflon  solution  (51%  TFE ) . 
To  the  cold  solution,  23  g  of  isopropyl  alco¬ 
hol  were  added  and  the  flocculate  was  screen 
printed  (Argon  Modular  2)  on  the  carbon 
paper.  The  electrode  was  dried  in  a  con¬ 
trolled  atmosphere  (N2  or  air)  at  120°C 
(1  hr),  at  20O°C  (30  min)  and  then  sintered, 

T g  (320°C  to  360°C).  Electrodes  were  made 
with  varying  PTFE  constant  (20  to  60%)  and 
Pt  loadings  (0.3  to  0.7  mg  Pt/cm2).  The 
cathodic  reduction  of  O2  or  air  was  measured 
in  a  conventional  halfcell  made  of  Teflon,  at 
170°C  in  a  99%  H3PO4  solution  with  an  air 
flow-rate  of  400  cc/min.  The  phosphoric  acid 
(P.A.)  absorption  (g  HjPC^/g  electrode)  was 
measured  in  an  all-teflon  apparatus  at  200°C 
after  equilibration  (24  hr).  The  electrolyte 
filled  porosity  (♦)  divided  by  the  total 
porosity  ( 0C )  is  the  percentage  acid  occupa¬ 
tion.  This  value  was  calculated  from 
porosimet r i cal ly  determined  volumes  of  tne 
catalyst  layer  electrode  and  the  support. 

RESULTS  AND  DISCUSSION 

As  predicted  in  a  previous  paper1,  the 
percentage  of  the  P.A.  occupation  exerts  a 
strong  influence  on  the  characteristics  of 
the  electrodes.  Previous  modeling  analysis 
identified  two  main  fuctors:  the  degree  of 
wetting  of  the  catalysts  layer  and  the  volume 
of  pores  left  void  for  the  passage  of  the 
gases.  in  Figs.  1  and  2  we  present  the 
percent  acid  occupation  as  a  function  of 
%  PTFE  and  sintering  temperature.  As  shown  in 
Fig.  3,  irrespective  of  the  preparative  con¬ 
ditions  (i.e.,  Ts,  %PTFE ,  Pt  loading,  etc.), 
the  electrochemical  activity  on  both  air  and 
O2  exhibits  a  maximum  at  ca .  30-50%  acid 


occupation.  One  notable  characteristic  is 
that  the  shape  of  these  curves  changes  with 
the  time  of  operation  (cf.  Figs.  3  vs.  4). 
Electrodes  with  greater  than  c0%  acid  occu¬ 
pation  are  more  prone  to  structural  modifi¬ 
cations,  as  also  confirmed  by  Mori2. 

The  perfornance  of  the  electrode,  on  air 
and  O2  was  also  screened  in  terms  of  I2 
gains.  Plots  of  Oxygen  gains  exhibit  a  mini¬ 
mi  m  as  a  function  of  Ts  or  %  Teflon.  More 
interestingly,  plots  combining  different  Ts 
and  PTFE  indicate  that,  irrespective  of  the 
imposed  preparative  conditions,  oxygen  gains 
are  minimized  at  around  30-50%  acid  occupa¬ 
tion  (Fig.  5).  This  observation  is  relevant 
as  it  helps  in  identifying  intervals  of  oper¬ 
ating  conditions,  however  obtained,  v.  lich 
should  assure  better  performance.  The  mini¬ 
mum  oxygen  gains  at  100  and  700  mA/cm2 ,  as 
observed  at  about  30-40%  acid  occupation 
(Fig.  3),  assures  in  fact  that  these  char¬ 
acteristics  mark,  not  only  th ?  points  of 
highest  activity,  but  also  those  with  the 
greatest  degree  of  utilization  of  the  pores 
structure,  i.e.,  less  diffusion  controlling 
conditions  as  well  as  of  greatest  electro¬ 
chemical  stability. 
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DEVELOPMENT  OF  POROUS  GAS  DIFFUSION 
ELECTRODES  FOR  OXYGEN  REDUCTION 
IN  ALKALINE  MEDIA 
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E.  Anderson  and  G.  wileraski 
PSI  Technology  Company 
P.O.  Box  3100 
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INTRODUCTION 

The  performance  of  a  porous  gas  diffu¬ 
sion  electrode  is  determined  by  a  number  of 
highly  interrelated  factors.  Pore  structure, 
electrolyte  content,  surface  area,  transport 
phenomena  and  electrode  kinetics  are  usually 
strongly  coupled.  This  greatly  complicates 
the  interpretation  of  porous  electrode  per¬ 
formance  and  hinders  the  development  of  an 
optimally  performing  electrode. 

To  be  effective,  the  porous  electrode 
must  be  wetted  by  an  appropriate  amount  of 
electrolyte.  Low  electrolyte  content  facili¬ 
tates  gas  and  liquid  phase  diffusion  of 
reactants;  however,  it  may  result  in  high 
internal  ohmic  losses.  Moreover,  unwetted 
catalyst  is  inactive  and  not  utilized.  Con¬ 
versely,  high  electrolyte  content  decreases 
internal  ohmic  losses;  however,  it  increases 
diffusion  losses  due  to  flooding  of  catalytic 
sites.  An  electrode  that  is  too  thick  suf¬ 
fers  from  excessive  ohmic  and  gas  diffusion 
losses,  while  an  electrode  that  is  too  thin 
does  not  contain  sufficient  catalyst  surface 
area  to  maximize  performance. 

For  a  given  Pt  +  C  electrocatalyst, 
there  are  optimum  values  for  the  electrolyte 
content  and  electrode  thickness  that  will 
maximize  electrode  performance.  These  values 
depend  on  the  electrode  fabrication  process 
which  influences  porosity,  pore  size  distri¬ 
bution,  and  agglomerate  size. 

In  sum,  efficient  porous  gas  diffusion 
electrodes  must  possess  the  proper  balance 
between  hydrophobic  and  hydrophilic  character 
to  allow  the  development  of  the  proper  three- 
dimensional  distribution  of  solid  catalyst, 
liquid  electrolyte,  and  gaseous  reactant. 

The  main  variables  involved  in  gas  diffusion 
electrode  fabrication  are  1)  Teflon  content, 
2)  Teflon  sintering  temperature,  3)  electrode 
thickness,  and  4)  catalyst  loading,  we  have 
investigated  the  effects  of  these  electrode 
fabrication  parameters  on  the  performance  of 
a  carbon  supported  platinum  electrocatalyst 
for  oxygen  reduction  in  alkaline  media. 


to  the  carbon  paper  substrate.  The  electrode 
was  dried  at  100°C  for  one  hour  and  at  200°C 
for  one  hour,  and  then  sintered  for  fifteen 
minutes . 

Electrodes  with  Pt  catalyst  and  Pt  +  C 
electrocatalyst  loadings  of  0.45  mg/cm2  and 
5  mg/cm2,  respectively,  were  prepared  with 
Teflon  contents  and  sintering  temperatures 
shown  in  Table  1.  At  a  Teflon  loading  of  30% 
and  sintering  temperature  of  300°C,  we  pre¬ 
pared  electrodes  with  the  Pt  catalyst  load¬ 
ings  shown  in  Table  2,  and  with  the  Pt  +•  C 
electrocatalyst  loadings  shown  in  Table  3. 

We  measured  the  electrocatalyst  layer  thick¬ 
ness  using  scaning  electron  microscopy.  The 
oxygen  reduction  performance  of  our  electrode 
preparations  was  measured  in  30%  NaOH  at  75°C 
and  corrected  for  iR  loss. 

RESULTS  AND  DISCUSSION 

The  measured  platinum  loadings  and  par¬ 
ticle  sizes  of  our  electrocatalysts  are  given 
in  Table  4.  The  specific  surface  areas  were 
calculated  assuming  spherical  particles.  The 
average  platinum  particle  sizes  were  16  to 
2lA. 

We  measured  the  polarization  behavior  of 
our  electrodes  on  pure  oxygen  and  synthetic 
air.  The  oxygen  gain  (difference  between 
potentials  on  oxygen  and  air  at  a  given  cur¬ 
rent  density)  is  a  measure  of  the  effective¬ 
ness  of  the  electrode  structure  for  reactant 
transport.  In  Figures  1  and  2,  we  present 
the  oxygen  gains  as  a  function  of  Teflon  con¬ 
tent  and  sintering  temperature,  we  observe 
the  minimum  oxygen  gain  (and  hence  most 
effective  electrode  structure)  at  30%  Teflon 
sintered  at  300°C. 


In  Figure  3,  we  present  the  oxygen 
reduction  data  for  various  electrocatalyst 
layer  thicknesses  at  a  constant  platinum 
loading  of  0.5  mg/cm2.  As  the  electrocata¬ 
lyst  layer  thickness  is  decreased  from  260  to 
80  v m,  we  observe  an  increase  in  the  elec¬ 
trode  performance.  Since  each  electrode  con¬ 
tains  the  same  Pt  catalyst  loading,  our  cata¬ 
lyst  utilization  increases  as  our  electro¬ 
catalyst  layer  thickness  decreases. 

In  Figure  4,  we  present  the  oxygen 
reduction  performance  versus  the  percent  Pt 
catalyst  for  a  given  electrocatalyst  layer 
thickness.  The  performance  increases  as  the 
platinum  content  increases. 


EXPERIMENTAL 

We  prepared  carbon  supported  platinum 
electrocatalysts  using  a  colloidal  deposition 
technique.  We  determined  the  platinum  parti¬ 
cle  sizes  using  transmission  electron  micros¬ 
copy  at  the  MIT  Center  for  Materials  Science. 
The  platinum  loadings  were  determined  gravi- 
metrically  after  burning  the  carbon  in  air  at 
900®C . 


We  fabricated  gas  diffusion  electrodes 
on  carbon  paper  (Stackpole  PC  206),  which  was 
wet  proofed  with  FEP  (0.5  mg/cm2,  sintered  at 
275®C) .  A  flocculate  of  carbon  supported 
platinum  electrocatalyst  and  Teflon  was  col¬ 
lected  on  a  filter  paper  and  was  transferred 


We  have  summarized  our  results  regarding 
the  effects  of  various  electrode  fabrication 
parameters  on  oxygen  gain  and  electrode  per¬ 
formance.  In  addition,  we  will  present  the 
effects  of  these  fabrication  parameters  on 
catalyst  mass  activity  ( mA/mg  Pt)  and  spe¬ 
cific  activity  ( ^A/cm2  Pt).  These  data  will 
be  correlated  with  the  electrode  morphology 
(i.e.,  porosity  and  pore  size)  and  wettabil¬ 
ity  (i.e.,  electrolyte  filled  porosity  and 
gas  filled  porosity). 
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Table  1.  Teflon  Contents  and  Sintering 
Temperatures  for  Electrode 
Fabr ication 


Figure  1.  Oxygen  gains  at  200  and  400  mA/cm2 
as  a  function  of  Teflon  content 


Table  2.  Electrocatalyst  Loadings,  Weight 
Percentages  of  Platinum  and 
Catalyst  Loadings  for  Loading 
Study 


Elect rocatalyst 
(Pt  &  C) 

Loading  (mg/cm2) 

%  Pt  on 
Ket  jen 

Catalyst  (Pt) 
Loading 
(mg/cm2 ) 

5.00 

5 

0.25 

5.00 

9 

0.45 

5.00 

10 

0.50 

5.00 

IS 

0.75 

5.00 

20 

1.00 

Table  3.  Electrocatalyst  Loadings,  weight 
Percentages  and  Catalyst  Loadings 
for  Thickness  Study 


Electrocatalyst 

Catalyst  (Pt) 

(Pt  S  C) 

%  Pt  on 

Loading 

Loading  (mg/cm2) 

Ket jen 

( mg/cm2 ) 

2.50 

20 

0.50 

3.33 

15 

0.50 

5.00 

10 

0.50 

10.00 

5 

0.50 

. 

Table  4.  Platinum  Catalyst  Loadings, 
Particle  Sizes  and  Surface 
Areas 


Target  Pt  \  Actual  Pt 
Loading  (%)  1  Loading  (%) 

! 

Mean 

Particle 
Size  (A) 

Calculated 

Pt 

Sur  face 
Area 

( ®2/gt 

1 

5  4.9 

15.9 

176 

10  9.5 

18.6 

150 

15  1  14.4 

16.7 

168 

20  19.3 

_ 1 _ 

21.0 

_ 

133 

Figure  2.  Oxygen  gains  at  20,  200,  400  and 
800  mA/cm2  as  a  function  of 
sintering  temperature 


Figure  3.  Oxygen  reduction  performance 
versus  elect rocataljsst  layer 
th i ckness 
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Figure  4.  Oxygen  reduction  performance 

versus  platinum  catalyst  weight 
percentage 
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Abstract  No.  73 


Methane  Activation  to  C2  Hydrocarbon 
Species  in  Solid  Oxide  Fuel  Cell 

Nirupama  U.  Pujare  and  Anthony  F.  Sammells 

Eltron  Research,  Inc. 

4260  Westbrook  Drive 
Aurora,  IL  60504 

The  solid  oxide  fuel  cell: 

CH^Pt/SnijOj/Lay  89Sr_10Mn03/YSZ/La0  89Sr_10Mn03/Pt,02(alr) 

was  fabricated  using  a  closed-one-end  yttria  stabil¬ 
ized  zirconia  (YSZ)  solid  electrolyte  tube.  Anode 
fuel  gas  typically  comprised  10%  CH4  in  argon.  At 
760°C  the  cell  possessed  an  open-circuit  potential 
(OCP)  of  1.25V.  The  cathode  oxygen  source  was  air. 
Analysis  of  anode  reaction  products  was  performed 
using  a  GOW-MAC  Model  69-750  FID  gas  chromatograph 
using  a  6'xl/8"  stainless  steel  column  packed  with 
80/100  mesh  Carbosphere  (Alltech  Associates,  Inc.). 

No  C2  species  were  evident  from  either  the  methane  or 
argon  sources  used  in  this  work. 

Initial  measurements  were  performed  under  OCP 
conditions  with  O2  being  intentionally  introduced  into 
CH4/Ar  mixture  at  the  anode.  C2Hg  was  found  to  be  the 
major  product.  Upon  passing  current  through  this  fuel 
cell,  where  oxygen  was  only  available  via  its  Faradaic 
transport  from  the  air  cathode  to  the  anode,  C2 
species  were  formed.  The  dependency  of  total  C2 
species  upon  cell  current  is  summarized  in  Figure  1. 
c2h4»  c2h6  anc*  C2H2  were  identified  as  Faradaic 
methane  oxidative  dimerization  products  whose  distri¬ 
bution  was  58%  C2H4,  37%  C2Hg  and  4%  C2H2.  At  760°C 
11%  of  the  Faradaically  transported  oxygen  partici¬ 
pated  in  promoting  methane  oxidative  dimerization. 

Anode  electrode  potentials  were  always  negative  of 
the  oxygen  electrode  potential,  hence  the  Faradaic 
oxidative  dimerization  reaction  did  not  rely  upon 
unit  activity  oxygen  being  produced  in  the  anode  com¬ 
partment.  Anode  half-cell  reactions  leading  to  C2 
hydrocarbon  species  can  be  represented  by: 


02"  +  2CH4 

* 

C2«6 

+  H20  +  2e~ 

202~  +  2C H4 

and 

Cl  Hi 

+  2H20  +  4e“ 

302'  +  2CH4 

* 

C2«2 

+  3H20  +  6e 

If  one  assumes  that  the  poal  of  this  anode  electro¬ 
catalysis  strategy  is  to  maximize  the  local  population 
of  0~  species  for  promoting  methane  oxidative  dimer¬ 
ization,  then  one  might  represent  electrocatalytic 
processes  occurring  at  the  Sm203/Lai_xSrxMn03  inter¬ 
face  in  this  SOFC,  as  follows: 

l.».j  flqSr  n)MnOj  oxvgen  reduction 
ilte  ?e‘  •  f>7- 


Ethane  may  then  subsequently  react  at  CT  sites  via 
the  reaction  sequence* *2; 

C2H 6  +0"  -  C2H5'  +  0H- 
C2Hc,  +  02~  -*•  OC2H5"  +  e" 

0C2H^_  -*•  C2H4  +  OH' 

to  give  ethylene.  Acetylene  formation  may  occur  via  an 
analogous  oxida; ive  path  involving  ethylene. 
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Total  Coll  Cur  rent 


Figure  1.  Total  C2  species  (CuH^,  C2H4  and  CjHO  vs. 
cell  current  for  the  cell 

CH4.pt/Sm2O3/Lao_g9Sr_ 10Mn03/Pt/YSZ/ 

LaQ_  ggSr  _ iQMnOj/Pt ,02 (air ) . 

Initial  OCP  1.27V.  Anode  gas  comp.  10%  CH4, 
90%  Ar.  Flow  rate  50ml/min.  Temp.  760°C. 
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ORGANIC  CATHODE  MATERIALS 
IN  SODIUM  BATTERIES 

B.  V.  Ratnakuaar,  S.  Di  Stefano, 

G.  Nagasubramanian,  R.  M.  Williams, 
and  C.  P.  Bankston 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 


Figure  5  gives  the  voltage  vs.  time  curves  of 
TCNE  during  discharge  and  charge  at  1  mA/cm2  in  the 
fifth  and  sixth  cycle-.  The  electrode  is  fairly 
reversible  with  no  loss  in  capacity  over  a  few  cycles 
tested.  The  coulombic  efficiency  is  close  to  65%  and 
may  be  improved  by  optimizing  the  cell  design. 

To  summarize,  these  organic  materials  show 
promise  as  high  energy  density  cathode  depolarizers 
in  secondary  batteries.  Further  developmental  studies 
on  TCNE  and  TCNQ  are  currently  underway. 


Several  rechargeable  systems  based  on  sodium/0B- 
alumina  have  been  proposed  for  various  applications. 
The  sodium-sulfur  battery  has  the  highest  energy 
density  and  is  the  most  developed  of  these.  Ill  Other 
systems,  however,  also  offer  considerable  promise.  In 
particular,  solid  inorganic  cathodes,  e.g.,  FeCla  and 
NiCl2  together  with  NaAlCl*  molten  electrolyte  have 
high  energy  densities  ('900  Wh/kg)  and  operate  at  high 
power  densities.  Other  advantages  of  this  family  of 
compounds  are  their  low  cost  and  ease  of  operation. 
(2-4) 
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In  this  paper  we  report  the  use  of  an  organic 
cathode  material  in  combination  with  Na-0"  alumina 
half  cell.  The  cell  consists  of  liquid  tetra- 
cyanoethylene  (TCNE)  or  tetracyanoquinone  (TCNQ)  in 
molten  electrolyte  NaAlCl*  and  a  platinum  (or  carbon) 
current  collector  in  the  cathode  compartment  and 
liquid  sodium  in  the  anode  compartment,  both  being 
separated  by  ^"-alumina  solid  INa4  ion  conducting) 
electrolyte.  The  advantages  associated  with  these 
organic  depolarizers  are  a)  a  high  energy  density  in 
excess  of  600  Wh/kg,  and  b)  an  absence  of  corrosion  at 
positive  current  collector  or  any  undesirable  reaction 
with  B”  alumina  electrolyte. 

The  test  cell  (Figure  1)  assumes  a  cylindrical 
configuration  with  the  cathode  mix  containing  TCNE  and 
NaAlCU  inside  the  0"  alumina  tube  and  liquid  sodium 
outside.  The  cell  operates  at  temperatures  above 
200*C  (m.p.  of  TCNE:  199’C| . 

The  cyclic  voltaametric  curve  of  TCNE  (Figure  2) 
shows  a  single  reduction  peak  around  3.0  V  and  an 
oxidation  peak  around  3.7V.  The  electrolyte  NaAlCl* 
is  stable  up  to  4.5  V  vs.  Na4 /Na  on  the  positive  side. 
On  the  negative  side  at  1.6  V  aluminum  deposition 
occurs.  The  cell  thus  operates  between  4. 0-2.0  V.  At 
lower  scan  rates,  the  voltamaograms  exhibit  current 
plateaus  which  may  he  attributed  to  the  slow  approach 
of  TCNE  (oxidized  and  reduced)  species  to  the 
electrode. 

A  linear  sweep  voltamaetric  curve  of  TCNE  (Figure 
3)  exhibits  the  mass  transfer  limited  current.  By 
cell  design,  i.e.,  electrode/0 
of  TCNE/NaAlCl*  ,  etc.,  it  is 
much  higher  limiting  current 
higher  power  densities  in  the 
battery.  The  kinetic  parameters  exchange  current 
density  and  transfer  coefficient  for  the  reduction  of 
TCNE  calculated  from  the  Tafel  plots  corrected  for 
mass  transfer  polarization  are  3.6  x  10' *  A/cm1  and 
0.1,  respectively. 

The  mass  transfer  polarization  is  also  evident 
from  the  ac  impedance  Nyquist  plot  of  TCNE  (Figure  4) 
which  shows  a  single  relaxation  loop  and  a  linearity 
between  real  and  imaginary  components  of  impedance. 
The  exchange  current  density  and  diffusion  coefficient 
of  TCNE  in  NaAlCl*  obtained  therefrom  are  1.05  mA/cm2 
and  2.3  x  10'11  cm2  /a. 


optimization  of  the 
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densities  and  thus 


2. 

3. 


J.  L.  Sudworth  and  A.  R.  Tilley,  "The  Sodium 
Sulphur  Battery,"  Chapman  and  Hall,  London,  1985. 

J.  Coetzer,  J.  Power  Sources,  18,  377  (1986)  . 

J.  Electrochem.  Soc.,  llj,  256 


R.  C.  Galloway. 
(1987)  . 


R.  J.  Bones,  J.  Coetzer,  R.  C.  Galloway  and  D.  A. 
Teagle,  J.  Electrochem.  Soc.,  134.  2379  (19871. 


Pi9'  1'  Of  Na/r-alununa, 

TCNE  (Ptl  in  NaAlCl*  molten  electrolyte  test 
cel  1 . 


113 


Fig.  2.  Cyclic  voltammogram  of  (10%)  TONE  in  NaAlCl« 
on  platinum  electrode  at  230'C  at  scan  rate 
of  1)  5»V/s,  and  2)  2  mV/s.  The  scale  on  Y 

axis:  20  mA/cm. 
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Fig.  4.  Nyquist  plot  of  (10%)  TCNE  in  NaAlCl«  on 
platinum  electrode  (area:  6  cm2)  at  230“C. 
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Fig.  3.  Linear  sweep  voltammetric  curve  of  (10%) 
TCNE  in  WaAlCl<  on  platinum  electrode  (area: 
6  cm2)  at  230‘C  at  0.5  mV/s. 
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Fig  5.  Typical  voltage  vs.  capacity  curves  of  45 
«Ah  Na/5"-alu»ina/TCME  (Ptl  in  NaAlCl. 
during  discharge  in  II  3rd  cycle,  21  4th 
cycle,  and  3)  charging  at  1  aA/ctf  at  230'C. 
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A  group  of  organic  disulfides  have  been 
recently  introduced  as  positive  electrodes  for  high- 
energy-  density  battery  applications! 1) .  The  ad¬ 
vantages  of  these  compounds  includes  low  operating 
temperature,  high  energy  density,  low  cost,  passive 
behavior  to  many  materials,  and  low  toxicity. 
Furthermore,  their  properties  can  easily  be  modified 
by  appropriate  choice  of  the  organic  groups.  To  date, 
however,  the  fundamental  physical,  chemical,  and 
electrochemical  properties  of  these  materials  have  not 
been  established.  The  purpose  of  this  study  is  to 
investigate  the  redox  behavior,  chemical  stability  and 
reversibility,  kinetic  reversibility,  and  adsorption 
phenomena  of  organodisulfides  at  electrode  surfaces. 

EXPERIMENTAL 

Organic  disulfides  used  in  the  experiment  were 
obtained  from  Aldrich  and  purified  in  our  laboratory, 
as  described  by  Visco  et  al  [2 J.  Sodium  thiolate 
salts  were  either  obtained  from  Aldrich  or  synthesized 
in  our  laboratory.  Tetraethyl  ammonium  perchlorate 
(TEAP)  and  tetramethyl  ammonium  chlorate  (TMAC)  were 
obtained  from  Southwestern  Analytical  Chemicals.  All 
solid  compounds  were  recrystallized  from  appropriate 
solvents,  and  kept  under  vaccum  In  a  dessicator. 
Dimethylsulfoxide  (DMSO) .  acetonitrile  (AN),  and 
propylene  carbonate  (PC)  were  obtained  from  Aldrich 
and  stored  over  molecular  sieves  in  an  argon  atmos¬ 
phere  dry  box. 

Three-electrode  electroanalytical  cells,  with 
platinum  counter  electrodes  and  Ag/AgCl  reference 
electrodes,  were  used  throughout  the  experiment. 
Platinum  metal,  graphite  or  glassy  carbon  electrodes 
were  used  as  the  working  electrode. 

In  linear  sweep  voltammetry  (LSV)  or  cyclic 
voltammetry  (CV) ,  a  linear  or  triangular  potential 
function,  generated  using  a  Potentiostat  (Model  173, 
EG&E)  in  conjunction  with  a  Universal  programmer 
(Model  175,  EG&E),  was  applied  to  a  stationary 
electrode  immersed  in  a  quiet  solution.  The  cor¬ 
responding  currents  were  measured  as  a  function  of 
potential  or  time  and  recorded  with  a  Bascora-Turner 
recorder.  The  sweep  rates  used  in  the  study  ranges 
from  lOmv/sec  to  lOOOrav/sec. 

In  potential -step  techniques,  an  excltat/on 
signal  of  one  or  more  potential  steps  (with  pulse 
width  of  10-500  msec),  was  generated  from  a  IBM- 
PC/AT  equipped  with  a  data  aquisition  board  (Data 
Translation  2801 -A)  and  Scientific  ASYST/ASYSTANT 
Software  and  interfaced  to  a  PAR  173  potentiostat/ 
Calvanostat.  The  computer  controlled  output  signals 
were  applied  to  a  stationary  electrode  immersed  in  a 
quiet  solution  and  the  corresponding  current  or  charge 
response  were  measured  as  a  function  of  time  and 
acquired  to  the  computer. 


'O  ,,r-  A'j  ' 


An  Electrode  Rotator  and  Speed  Controller  (Model 
ASR,  PINE  instrument  Co.)  were  used  to  modulate  the 
rotation  speeds  of  a  disk  or  ring-disk  electrode. 
The  limiting  currents  for  reduction  of  the  organic 
disulfides  and  for  oxidation  of  the  thiolate  anions 
were  measured  as  a  function  of  rotation  speed.  In 
conjunction  with  single-step  potential  chrono- 
araperometry  or  chronocoulometry ,  the  RDE  has  been 
successfully  used  to  determine  n,  the  number  of 
electrons  participating  in  the  overall  electrochemical 
reaction. 

RESULTS  AND  DISCUSSIONS 

Cyclic  voltammograms  for  different  organic 
disulfides  are  shown  in  Fig.l.  These  voltammograms 
give  direct  insight  into  the  kinetic  and/or  thermodynamic 
reversibility  of  the  redox  couple.  Linear  sweep 
voltammograms  and  the  corresponding  differential 
voltammograms  were  used  to  determine  the  peak  currents 
and  potentials  at  diferent  sweep  rates.  The  fairly 
large  peak  separations  and  the  linear  relationship 
between  E  and  In  v  indicate  that  the  kinetics  are 
sluggish  *and  the  redox  couples  are  kinetically  or 
thermodynamically  irreversible.  In  addition,  the 
transfer  coefficents  for  charge  transfer  processes 
were  estimated  from  the  dependence  of  peak  potentials 
on  sweep  rates. 

Double -potential  step  chronocoulometric  measure¬ 
ments  indicated  that  the  specific  adsorption  of  these 
materials  on  platinum  electrodes  is  negligible. 
Voltammograms  obtained  at  RDE  indicated  that  chemi¬ 
sorption  of  alkali  metal  cations  on  platinum  and 
graphite  electrodes  is  present. 

The  characteristic  ratio  of  diffusion-controlled 
charge,  Qj(2r  )/Q<j(r )  -  0.414,  indicated  that  the. 

systems  studied  are  chemically  stable  and  reversible 
under  the  experimental  conditions.  This  microscopic 
reversibility  is  a  fundamental  criterion  for  a 
secondary  system  in  energy  storage  or  conversion. 

The  number  of  electrons  transferred,  n,  and 
diffusion  coefficients,  D,  were  determined  through  the 
measurement  of  the  convective  diffusion  limited 
currents  at  a  RDE  in  combination  with  the  measurement 
of  the  diffusion  limited  current  or  the  corresponding 
charge  at  a  stationary  electrode.  The  diffusion 
coefficients  of  neutral  disulfides  and  thiolate  anions 
in  different  solvents  were  calculated  frryn  the  slopes 
of  linear  chronoaraperometric.ii.  vs  l/t1/Y)  and  linear 
chronocoulometric  (Q.  vs.  t')  plots,  and  from  Levich 
plots.  The  total  number  of  electrons  participating  in 
the  electrode  reaction  was  estimated  to  be  2,  and 
therefore,  the  overall  reaction  takes  the  form  of 

RSSR  +  2  e "  c  2  (  RS'  ) 

where  R  represents  a  organic  moiety. 

CONCLUSIONS 

These  RSSR/RS  couples  are  chemically  revers¬ 
ible,  yet,  kinetically  slow.  The  overall  electro¬ 
chemical  redox  reaction  for  this  couple  is  RSSR  +  2  e‘ 
-  2  (  RS  ).  The  microscopic  reversibility  of  these 

compounds  makes  it  possible  to  construct  rechargeable 
batteries  based  on  the  organodisulfides.  The  sluggish 
kinetics  indicate  that  the  introduction  of  suitable 
electrocatalysts  to  assist  charge  transfer  will 
probably  prove  useful  in  this  system.  Since  the 
adsorption  of  organic  disulfides  on  platinum  electrode 
is  negligible,  the  electrode  kinetics  can  be 
described  using  simple  electrodic  equations  and 
studied  without  consideration  of  surface  coverage. 
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Advanced  secondary  batteries  operating  at 
intermediate  temperatures,  i.e.  100  to  200°C,  have 
attracted  considerable  research  interest  due  to  their 
inherent  advantages  over  higher  temperature  systems 
such  as  the  Na/S  or  Li/FeSj  batteries.  Current  work 
in  this  laboratory  has  involved  research  on  a  novel 
class  of  intermediate  temperature  batteries  based  on  a 
concept  similar  to  the  sodium/beta" -alumina/sulfur 
battery,  but  operating  within  the  range  of  100  to 
150°C,  and  having  an  organosulfur  positive  electrode 
(1) .  The  organosulfur  electrodes  are  based  on  the 
reversible  electrochemical  2  electron  reduction  of  the 
organo-disulfide  to  the  corresponding  thio  anion, 

RSSR  +  2  e~  **  2  RS', 

where  R  is  an  organic  moiety.  The  oxidation  of  thiols 
to  disulfides  has  been  long  established,  but  has  not 
been  considered  previously  in  the  context  of  energy 
conversion.  The  attraction  of  such  a  generic  organic 
redox  couple  for  battery  research  is  the  ability  to 
tailor  the  physical,  chemical,  and  to  a  lesser  extent 
electrochemical  properties  of  the  molecule  through 
choice  of  the  organic  moiety.  The  viscosity,  liquidus 
range,  dielectric  constant,  equivalent  weight,  and 
redox  potential,  of  the  organosulfur  electrodes  can  in 
fact  by  varied  in  a  predictable  manner. 

EXPERIMENTAL 

Methyl  disulfide ,  Gold  Label  (Aldrich) ,  was  used 
without  further  purification.  Phenyl  disulfide 
(Aldrich) ,  was  recrystallized  from  ethanol  prior  to 
use.  Di fluorophenyl  disulfide  was  made  from  the 
oxidation  of  4-fluorothiophenol  (Aldrich)  by  iodine  in 
water,  and  subsequently  extracted  with  petroleum 
ether,  and  finally  distilled  under  reduced  pressure. 
Dipentaf luorophenyl  disulfide  was  similarly  made  from 
pentafluorothiophenol  (Aldrich),  which  was  purified  by 
recrystallization  from  ethanol.  Ethoxyethyl  disulfide 
and  Methoxyethyl  disulfide  were  made  by  the  reaction 
of  2-chloroethyl  ethyl  ether  and  2-chloroethyl  methyl 
ether  with  potassium  hydrogen  sulfide  in  methanol 
under  pressure  to  yield  the  corresponding  mercaptan; 
the  fl-ethov”- olkvl  mercaptans  were  fractionally 
diaui.1  led  and  *"he  pi.  lfieu  irr  **'■  "pt"...'  t  r*- 

disulfides  which  were  distilled  under  reduced  pressure 
prior  to  use.  Transition  metal  phthalocyanines 
(pfaltz  and  Bauer)  were  used  as  is.  All  solvents  were 
obtained  from  Aldrich  and  stored  over  molecular  sieves 
in  an  argon  atmosphere  dry  box  prior  to  use. 

Beta” -alumina  tubes  (  10  cm  x  1  cm,  .  8  mm  wall  ) 
were  filled  with  highly  purified  sodium  metal  (2). 
sealed  with  high  temperature  epoxy  to  an  aluminum  cap 
through  which  a  stainless  wire  contacted  the  sodium 
metal  electrode.  The  beta" -alumina  tube/sodium  elec¬ 
trode  was  tightly  wrapped  in  graphite  felt  and  in¬ 
serted  into  a  stainless  steel  cell  yielding  approx¬ 
imately  20  cm^  of  electrolyte  surface  area.  The  cell 
was  sealed  with  silicone  o-rings,  and  fitted  with  a 
transducer  to  monitor  the  internal  pressure  of  the 
positive  electrode.  All  cells  were  subsequently 
cycled  galvanostatically  under  computer  control  using 
a  IBM  PC/AT  with  a  Data  Translation  2801 -A  data 
aquisition  card,  interfaced  to  a  PAR  373  Potentiostat/ 
Galvanostat ,  and  an  Omega  PX600  pressure  transducer 

RESULTS 

The  theoretical  energy  density  of  a  Na/CH^SSCHj 
cell  is  770  Whrs/Kg  if  the  organosulfur  electrode  is 
used  without  solvents.  Solubility  studies  indicated 
that  an  approximate  weight  ratio  of  DMSO  to  dimethyl 
disulfide  (  DMDS  )  of  3  to  1  was  sufficient  to 
completely  dissolve  the  sodium  thiomethoxide  generated 
on  cell  discharge  at  the  cell  temperature  of  110  C. 
Accordingly,  positive  electrodes  were  assembled  using 
a  range  of  30%  to  80%  solvent  to  facilitate  cell 
discharge.  Open  circuit  voltage  of  the  Na/DMDS  cells 


ranged  from  2.0  to  1.8  volts;  discharge  rates  were  10 
mA/cmZ  at  1.2  volts  to,  100%  of  available  capacity,  and 
recharged  at  10  mA/cni  at  an  average  of  2.4  volts  to 
95%  of  capacity.  The  addition  of  an  electrocatalyst, 
cobalt  phthalocyanine  (  CoPc  ) ,  boosted  the  charge/ 
discharge  rates  by  a  factor  of  five.  Na/DMDS  cellj 
having  1  wt%  CoPc  were  able  to  discharge  at  50  mA/cna 
for  over  50%  of  available  capacity  (  fig.  1  ) 

corresponding  to  a  power  density  of  225  W/Kg,  and 
charge  rates  of  approximately  20  mA/cni  .  The  cells 
could  be  cycled  up  to  three  times  before  excessive 
internal  pressure  led  to  cells  leaks .  The  pressure 
increase  was  attributed  to  slow  chemical  reduction  of 
DMSO  by  thiomethoxide  to  yield  CH^SCH^  as  well  as 
electrochemical  reduction  of  the  solvent.  The  use  of 
solvents  less  susceptible  to  reduction,  such  as 
dimethyl  sulfone,  alleviated  this  problem. 

Positive  electrodes  were  constructed  using  a 
series  of  aromatic  disulfides,  with  50  %  solvent  to 
ensure  dissolution  of  cell  products.  Sodium/  phenyl 
disulfide  cells  exhibited  open  ciruit  voltages  of  2.0 
vo Its ^  and  were  able  to  discharge  at  rates  of  7.5 
mA/cmz  at  1.6  volts  to  50  %  of  available  capacity. 
The  effect  of  fluorine  substitution  on  cell  per¬ 
formance  was  dramatic.  Sodium/difluorophenyl  di¬ 
sulfide  cells  exhibited  open  circuit  voltages  of  2.4 
volts  and  discharged  at  rates  of  10  mA/cnr  to  90  %  of 
available  capacity.  Sodium/dipentaf luorophenyl  di¬ 
sulfide  cells  exhibited  open  circuit  voltages  of  3.0 
volts,  and  were  capable  of  similar  discharge  rates. 

Sodium/alkoxyalkyl  disulfide  cells  were  assembled 
and  cycled.  The  effect  of  incorporation  of  the  ether 
linkage  in  the  disulfide  appeared  to  be  to  increase 
the  solubility  of  the  sodium  salts  as  well  as  to 
increase  chemical  stability  of  the  electrode.  The 
tested  cells  were  able  to  cycle  at  10  to  15  mA/car 
to  full  capacity  without  pressure  increase  or  evidence 
of  degradation  of  the  solvent. 

CONCLUSIONS 

Sodium/organosulfur  batteries  operating  at 
intermediate  temperatures  (  10Q  to  150°  )  can  be 
cycled  at  high  rates.  50  mA/cnr  ,  for  a  fraction  of 
available  capacity,  and  at  lower  rates,  5  to  10  mA/cnr 
for  all  of  the  available  capacity.  The  open  circuit 
voltage  of  these  cells  as  well  as  other  properties  can 
be  manipulated  in  a  predictable  manner  by  choice  of 
the  R  group  in  RSSR. 
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Fig.  1.  Charge/discharge  behavior  of  a  Na/CN,SSCH, 
cell  at  an  operating  temperature  of  110°C. 
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The  EXAFS  spectrum  for  ordered  0-Ni(OH)2 
is  interpreted  in  terms  of  the  known  crystal 
structure  for  this  material  and  compared  with 
the  EXAFS  spectra  of  disordered  /9-type 
hydroxides.  The  experimental  pattern  has 
been  fitted  using  crystallographic  bond 
distances  and  coordination  numbers  for  the 
first  four  shells  (Figure  1) .  These 
parameters  are  summarized  in  Table  I. 
Additional  shells,  at  higher  radii, 
contribute  to  the  spectrum  but  do  not 
correspond  to  crystallographic  distances. 
These  may  involve  multiple  scattering  events. 

A  comparison  of  absorption  edges  (E0) 
for  the  ordered  material  with  those  for 
disordered  /9-Ni(OH)2  materials  shows  a 
dramatic  shift  to  higher  energy  for  the 
latter.  Shifts  in  Eg  are  known  to  be 
dependent  upon  oxidation  state,  coordination 
number  and  type  of  bonding  (1) .  These 
materials  contain  no  active  oxygen  but  do 
exhibit  unique  Raman  spectra  which  indicate 
coordination  number  changes  (2) . 

These  results  indicate  that  care  must  be 
taken  when  interpreting  nickel  edge  shifts 
for  nickel  electrode  materials  in  terms  of 
oxidation  state  changes  alone.  A  shift  in  Eg 
may  result  from  a  change  in  coordination 
number  as  well  as  oxidation  state. 
Coordination  number  changes  are  significant 
in  beta-nickel  hydroxides  and  are  expected  to 
be  significant  in  active  mass  as  well. 

This  work  is  part  of  a  study  of  nickel 
electrode  "model  compounds."  The  EXAFS 
spectra  were  collected  on  the  SUNY  beamline, 
X21,  at  the  National  Synchrotron  Light  Source 
at  Brookhaven  National  Laboratory.  The  Dept, 
of  Energy  supported  part  of  this  research. 


Figure  1.  Calculated  {dotted  line)  and 
experimental  (solid  line)  EXAFS  spectra  of 
recrystallized  0-Ni(OH)2. 


Table  1 


Shell 

Coordination 
- Number 

Radius 

Debye-Waller 

Factor 

Ni-0 

6 

2.116 

0.067 

Ni-Ni 

6 

3.126 

0.069 

Ni-0 

6 

3.775 

0.072 

Ni-0 

6 

3.938 

0.077 
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Extreme  care  must  be  taken  to  define  the 
starting  material  used  in  any  electrochemical 
study  of  a  nickel  electrode  because  of  the 
diversity  of  structures  which  can  be  produced 
within  the  normal  ranges  of  the  experimental 
variables.  The  electrochemistry  is  strongly 
influenced  by  the  precursor  structure. 

Diverse  structural  phases  can  be  differen¬ 
tiated  using  laser  Raman  spectroscopy,  phases 
which  cannot  be  distinguished  using  other 
methods  (1,2).  Furthermore,  unique  solid 
state  structural  information  can  be  extracted 
from  the  spectra. 

In  situ  Raman  spectra  of  plaque 
electrodes  have  been  studied,  under 
controlled  potential.  Thin  film  electrodes 
are  compared  with  formed  and  cycled  plaque 
electrodes.  The  structural  influence  of 
cobalt  addition  can  be  observed.  These 
structures  will  be  contrasted  with  the 
cathodic  alpha-phase  precursor  structure. 

We  have  also  shown  that  in  situ  spectra  can 
be  collected  during  cyclic  voltammetry  scans  . 
(Fig.  1). 

The  in  situ  results  confirm  conclusions 
drawn  from  ex  situ  Raman  spectra  (1,2). 

Spectra  in  Fig.  2  demonstrate  the  structural 
similarity.  l)  The  spectra  of  active  mass 
differ  from  those  observed  for  the 
traditional  model  compounds.  2)  Discharged 
active  mass  is  not  isostructural  with  a- 
Ni (OH) 2  nor  with  0-Ni(OH)2.  3)  The 

structure  of  discharged  active  mass  is  more 
closely  related  to  that  of  charged  active 
mass.  4)  Charged  active  mass  has  a 
nonstoichiometric,  non-close  packed  layered 
structure  in  the  NiOOH  space  group.  These 
results  demonstrate  the  potential  of  in  sieu 
Raman  spectroscopy  for  the  study  of  electrode 
structures  and  their  influence  on  the 
electrochemistry. 

This  work  has  been  supported  by  NASA-Lewis 
Research  Center. 


POTENTIAL  (mV  vs  Hg/HoO/KOH) 


Figure  1.  Simultaneous  in  situ  Raman 
intensity  at  550  cm"1  (a)  and  cyclic 
voltammogram  (b) . 
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Cobalt  is  added  to  nickel  electrodes  to 
improve  electrochemical  properties  such  as 
capacity,  conductivity,  and  cycle  life  (1,2). 
The  objective  of  the  research  discussed  today 
is  to  develop  an  understanding  of  how  the 
cobalt  improves  the  electrode,  from  a 
structural  point  of  view.  To  do  this  we  have 
studied  the  structures  of  electrode 
precursors  (cathodic  alpha  phases)  before  and 
after  cycling  in  KOH.  The  influence  of 
cobalt  has  been  measured  by  varying  the 
cobalt  concentration  and  comparing  doped  to 
undoped  materials.  Structure  changes  have 
been  monitored  using  cyclic  voltammetry  and 
vibrational  spectra,  Raman  and  FT-IR 
spectroscopy. 

Without  cobalt,  as  deposited  materials 
and  cycled  materials  have  different 
structures  (3,4).  However,  the  addition  of 
cobalt  enhances  this  difference.  The 
structure  of  the  cobalt  containing  cathodic 
deposit  is  drastically  different  from  that 
deposited  without  cobalt  (see  Fig.l). 
Variation  of  the  cobalt  concentration  also 
influences  the  structure  of  the  precursor. 
After  charging  and  cycling,  spectra  indicate 
that  the  active  mass  incorporates  the  cobalt 
by  substitution  on  nickel  sites  in  the 
nonstoichiometric  NiOOH-type  oxyhydroxide . 

We  propose  that  the  cobalt  stabilizes  a 
unique  and  optimum,  nonstoichiometric  NiOOH 
structure.  Our  earlier  spectroscopic  results 
showed  that  active  mass  contains  significant 
nonstoichiometry  which  enhances  proton  and 
electronic  conductivities  in  the  solid  state 
(3,4)  . 

These  results  suggest  that  cobalt 
controls  the  structure  of  the  active  mass  by 
way  of  controlling  the  precursor  structure. 
Design  of  an  optimum  precursor  structure 
(including  the  optimum  nonstoichiometry)  will 
allow  control  and  improvement  of 
electrochemical  properties. 
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Figure  1.  Raman  spectrum  of  cathodic 
a-Ni (OH) 2  in  lattice  mode  region; 

a)  containing  10  %  cobalt,  and 

b)  without  cobalt. 


Abstract  No.  80 


Effect  of  Cobalt  on  Fibrous  Nickel  Hydroxide 
Electrodes 

H.  H.  Law 
J.  Sapjeta 

AT&T  Bell  Laboratories 
Murray  Hill,  New  Jersey  07974 

The  nickel-cadmium  battery,  known  for  its  long 
cycle  life  and  high  energy  density,  is  likely  to  remain 
the  rechargeable  battery  of  choice  for  some  time  to 
come.  It  is  therefore  desirable  to  increase  its  energy 
density.  Our  recent  work  [  I  ]  explored  the  possibility  of 
improving  the  specific  energy  by  employing  a  fibrous 
nickel  mesh,  Fibrex*,  as  the  electrode  substrate.  The 
Fibrex  electrodes  that  were  initially  prepared  had  about 
the  same  energy  density  by  weight  as  the  sintered 
nickel  electrodes  in  common  use  today,  though  about 
20-30%  less  energy  per  volume.  Initial  results  showed 
that  cobalt  improved  the  electrode  performance. 

In  the  present  study,  an  effort  was  made  to 
characterize  the  influence  of  co-precipitation  of  cobalt 
hydroxide  on  Fibrex  electrodes.  Fritts  1 2]  has  attributed 
the  beneficial  effect  of  cobalt  addition  to  improved 
mechanical  properties  of  the  sintered  nickel  hydroxide 
electrode,  based  on  his  observation  that  the  rigidity  of 
the  active  material  is  reduced  in  the  presence  of  cobalt. 
Fibrex  electrodes,  having  much  more  active  material  per 
unit  surface  area  than  sintered  electrodes,  would  be 
more  sensitive  to  effects  caused  by  physical  changes  in 
the  active  material.  The  fibrous  substrate  is  also  a  good 
medium  for  detecting  such  changes  because  it  is 
somewhat  flexible  and  thus  does  not  hold  the  thickness 
of  the  electrode  constant. 

As  a  result  of  this  non-rigid  structure,  the  degree  of 
swelling  of  Fibrex  electrodes  upon  discharge  is 
significant,  as  much  as  17%.  Since  swelling  of  this 
magnitude  is  unacceptable  in  actual  battery  operation, 
electrodes  were  pressed  to  try  and  reduce  it.  A  pressure 
of  1000  psi  was  chosen  as  the  desired  applied  pressure 
because  it  contained  swelling  to  within  5%. 

The  reduction  of  swelling  caused  by  pressing  is 
inversely  proportional  to  the  cobalt  content  of  the 
electrode.  This  result  indicates  that  cobalt  increases  the 
elasticity  of  the  active  material,  and  makes  the  electrode 
performance  less  sensitive  to  both  the  internal  stress 
incurred  during  charge/discharge  cycling  (as  evidenced 
by  reduced  swelling)  and  to  an  external  stress  such  as 
pressing. 


When  cycled  after  pressing,  electrodes  with  low 
cobalt  content  often  showed  a  dramatic  capacity  loss, 
probably  as  the  result  of  the  separation  of  the  active 
material  from  the  current  collector  during  pressing  due 
to  the  brittleness  of  the  active  material.  Electrodes  with 
higher  cobalt  content  were  unlikely  to  suffer  this 
capacity  loss,  and  electrodes  containing  15%  cobalt 
frequently  had  capacity  gains  of  up  to  25%  after 
pressing. 

The  capacity  change  due  to  pressing  clearly  depends 
on  the  cobalt  content  of  the  active  material.  This 
dependence  demonstrates  directly  that  when  the  active 
material  contains  at  least  5%  cobalt,  it  is  much  less 
brittle  and  less  sensitive  to  stress,  leading  to  a  longer 
cycle  life.  It  also  confirms  what  was  previously 
deduced  by  Fritts  [21,  that  the  addition  of  cobalt  to 
nickel  hydroxide  electrodes  results  in  strongly  modified 
elastic  properties  of  the  active  material. 
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Introduction: 

A  number  of  studies  have  been  made  of  the 
Impedance  spectra  of  nickel  hydroxide  electrodes 
and  Ni/Cd  batteries  using  a  variety  of 
techniques  (1-6).  Ziimierman  (1)  has  measured 
the  impedances  of  nickel  electrodes  during 
discharge  by  following  the  voltage  changes  after 
a  step  in  the  discharge  current.  He  and  others 
have  found  that  Impedance  increases  dramatically 
at  low  states  of  charge. 

Our  studies  have  shown  that  the  impedance  varies 
not  only  with  voltage  but  with  the  manufacturing 
method,  and  that  Impedance  parameters  even  vary 
considerably  for  electrodes  from  manufacturing 
lot  to  lot  and  within  the  same  lot.  We  are 
studying  the  possibility  of  using  the  impedance 
method  as  a  tool  for  predicting  the  life  and 
performance  of  Ni  electrodes  and  complete 
Ni/H?  cells.  Investigators  at  Rockwell  and 
Jet  Propulsion  Laboratory  (3)  have  attempted 
this  for  a  number  of  Ni/Cd  cells  and  have  seen 
some  possible  correlations.  Their  measurements 
were  taken  only  for  the  fully  discharged  state 
after  being  short-circuited  for  a  day. 

Impedance  curves  for  Ni/H?  cell:  are  similar 
to  those  of  the  Ni/Cd  cells.  We  are  making 
measurements  at  other  states  of  charge  and  are 
also  making  half-cell  measurements  on  several 
types  of  electrodes  In  order  to  find  the 
conditions  that  provide  the  best  correlation 
with  life  and  performance. 

Experimental : 

Since  impedance  Is  sensitive  to  the  voltage  and 
the  time  that  the  electrode  has  been  held  at 
that  voltage,  spectra  were  measured  after  the 
electrodes  had  been  equilibrated  at  the  desired 
voltage.  Electrodes  prepared  by  chemical 
impregnation  and  by  aqueous  and  alcoholic 
imp,*r  nation  were  studied. 

All  electrodes  had  a  sintered  N1  substrate  and 
were  impregnated  to  about  1.6  g/cc  v.id.  The 
electrolyte  was  31%  KOH,  and  the  reference 
electrode  was  Hg/HgO.  Measurements  of  the 
electrochemically  impregnated  electrodes  were 
taken  after  10  formation  cycles,  the  first  five 
at  C/10  charge  for  16  hours  and  C/4  discharge  to 
a  voltage  of  7.0  V  vs  an  amalgamated  Zn 
electrode  (-0.42  V  vs  a  Hg/HgO  electrode),  the 
last  five  cycles  at  a  C/2  charge  rate  with  10% 
overcharge  followed  by  a  C/4  discharge. 

Impedance  measurements  were  made  with  the  PAR 
378  potentiostat  and  M378  software.  This  uses  a 
synthesized  wave  form  with  an  FFT  to  deconvolute 
the  results.  Experiments  were  carried  out  from 
5-10  Hz  down  to  0.0007  Hz.  Above  10-20  Hz  the 
inductance  predominates. 

Results: 

The  impedance  spectra  of  a  typical  electro¬ 
chemically  impregnated  electrode  at  about  1-2% 


SOC  is  shown  in  Fig.  1.  The  electrode  had  been 
held  at  0.200  V  vs  the  Hg/HgO  electrode  for  1 
hour  after  the  formation  cycles.  The  circuit 
for  the  cell  at  a  few  percent  SOC  (0.200  -  0.250 
V  vs  Hg/HgO)  can  be  expressed  to  a  first 
approximation  as  a  typical  series-parallel 
circuit  with  a  Warburg  impedance  term  (Fig.  2). 
The  semicircle  is  slightly  depressed.  At  higher 
voltages,  above  about  10  %  SOC  (Fig.  3),  the 
only  measurable  quantity  is  the  Warburg 
coefficient,  while  at  lower  voltages  (Fig.  4) 
usually  only  the  IR  drop  and  the  left-hand 
portion  of  the  semicircle  can  be  measured 
accurately. 

The  parallel  resistance  associated  with  the 
semicircle  has  been  attributed  to  charge 
transfer  resistance  and/or  boundary  layer 
conduction  (1).  Since  the  magnitude  appears  to 
change  with  voltage  in  the  same  manner  as  the 
Warburg  coefficient,  we  feel  that  it  is  probably 
associated  with  the  boundary  layer  conduction 
process. 

The  changes  of  the  Warburg  coefficient  with 
equilibrium  voltage  for  a  typical  chemically 
impregnated  electrode  are  depicted  in  Fig.  5. 
Measurements  were  started  in  the  charged  state 
after  the  electrode  had  been  cycled  three  times 
at  the  C  rate.  After  each  measurement  the 
voltage  was  lowered  and  the  electrode  held  at 
the  r.-»w  potential  for  at  least  one  hour.  After 
reaching  0.2  V  the  potential  was  increased 
again.  In  agreement  with  others,  we  attribute 
the  hysteresis  to  the  formation  of  a  resistive 
layer  of  lower  valent  hydroxide  adjacent  to  the 
sinter  which  is  only  slowly  oxidized. 

Table  1  shows  the  Warburg  coefficient  of  a 
number  of  electrochemically  impregnated 
electrodes  from  the  same  manufacturer. 
Measurements  were  made  after  equil ibratio;.  for 
an  hour  at  0.200  V  after  the  formation  cycles. 
Substantial  variations  are  evident. 

Conclusions: 

The  impedance  of  a  nickel  electrode  increases 
slightly  during  discharge  until  it  is  over  95% 
discharged  at  which  point  it  increases  by  about 
two  orders  of  magnitude.  There  is  considerable 
hysteresis.  The  impedance  of  electrodes 
prepared  by  different  impregnation  procedures 
varies  considerably,  and  even  with  the  same 
process  there  is  variation  from  lot  to  lot  and 
within  lots.  We  hope  to  correlate  these 
differences  with  life  and  performance. 
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Fiq.  1.  Impedance  of  typical 
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electrode  at  0.200  V  vs  Hg/HgO. 


iq  2  Circuit  diagram  for  nickel 
hydroxide  electrode. 
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Warburg  coefficient  of  chemically 
ir-preanated  electrode  as  function 


Table  1 


'TAT! ONS  IN  WARBURG  COEFFICIENT 


Electrode  Warburg 
and  Lot  (Ohm  cm  sec  ) 


1A 
2A 
3  A 
4A 
5A 
6  A 
IB 
2  R 
3B 


A.  02 
2.15 
1  .29 
2.19 
2.35 
2.57 
1.90 
5.11 
4 . 14 
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INTRODUCTION: 

Ni-Ha  batteries  are  widely  used  in  space  applications 
due  to  their  advantages  like  long  cycle  life,  higher 
operating  current  denisty,  overcharge/overdischarge 
protection,  pressure  indication  of  state  of  charge  etc. 
However,  the  self  discharge  rate  of  the  Ni-H2  battery 
(about  10%  per  day)  is  much  higher.  Usually  hydrogen 
is  stored  under  high  pressure  in  these  cells  (about  30  to 
40  atmospheres).  Hence  it  is  strongly  suspected  that  the 
high  self  discharge  rate  is  caused  by  hydrogen. 
Hydrogen  may  cross  over  to  the  nickel  oxide  electrode 
either  through  the  electrolyte  or  externally.  An  attempt 
was  made  to  find  the  effect  of  hydrogen  on  the  self 
discharge  of  nickel  oxide  electrodes  by  AC  impedance 
measurement.  The  impedance  technique  has  been 
used  to  find  the  stale  of  charge  of  the  various  cells  [1-3). 


EXPERIMENTAL: 

Nickel  hydroxide  film  was  deposited  on  clean  nickel 
foil  (1.2  x  2.75  cm)  by  electrochemical  deposition  from 
2M  nickel  nitrate  solution  at  75”C  by  applying  a  cathodic 
current  of  80  mA/cm2. 

The  film  composition  was  confirmed  by  X-ray 
diffraction.  Platinum  spiral  and  zinc  wire  were  used  as 
counter  and  reference  electrodes  respectively.  The 
reference  electrode  was  kept  in  a  separate 
compartment.  The  electrolyte  was  30  %  KOH.  AC 
impedance  measurements  were  carried  out  from  0.01 
Hz  to  80  KHz  at  25°C  by  using  EG&G  Model  273 
Potentiostat/Galvanostat  and  Model  5301A 
Lock-In-Amplifier  with  Model  5315  Preamplifier. 
Provision  was  made  to  bubble  argon  or  hydrogen  into 
the  electrolyte.  The  nickel  oxide  electrode  was  charged 
at  the  rate  of  C/10  and  discharged  at  C/5  rale.  After 
several  charge  /discharge  cycles,  the  AC  impedance 
measurements  were  made  at  a  potential  of  1.95  V  on  a 
fully  charged  electrode.  A  5  mV  AC  signal  was  used  for 
the  impedance  measurements. 


RESULTS  AND  DISCUSSION: 

Fig.  1  shows  the  plot  of  log  frequency  versus  log  |Z|  for 
the  specimen  exposed  to  argon  and  hydrogen  for  one 
hour.  The  impedance  of  the  electrode  was  increased 
when  it  is  exposed  to  hydrogen.  This  increase  in 
impedance  suggests  a  decrease  in  the  state  ol  charge 
This  may  be  due  to  the  partial  transformation  of  more 
conducting  NiOOH  to  less  conducting  Ni(OH)a. 


Fig. 2  shows  the  plots  of  log  |Z|  versus  log  frequency 
of  nickel  oxide  electrodes  at  different  exposure  time  to 
hydrogen.  It  is  evident  that  the  impedance  of  the  nickel 
oxide  electrode  increases  with  time  when  it  is  exposed 
to  hydrogen.  When  the  specimen  was  exposed  to 
argon,  no  significant  change  in  the  impedance  was 
obnserved. 

The  above  results  are  in  good  agreement  with  data  of 
cyclic  voltametry  [4], 
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Fig.l  log  frequency  vs.  log[Z|  of  the  fully  charged  nickel 
oxide  electrode  under  argon  and  hydrogen. 


Fig. 2  Effect  ol  hydrogen  exposure  on  impedance  ol 
nickel  oxide  electrode 
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Introduction 

The  electrochemical  behavior  ol  the  nickel  hydroxide  elec¬ 
trode  has  been  investigated  for  several  decades  dur  to  its  battery 
applications  as  the  positive  plate  in  Ni-Cd,  Si-Fe,  and  Ni-H* 
batteries  (!).  Among  the  alkaline  electrolyte  storage  hatieries, 
the  nickel-hydrogen  battery,  with  hitfi  energy  density,  long  eye  le 
life,  direct  pressure  indication  of  state  of  charge  or  discharge, 
and  tolerance  to  overcharge  cm-  overdischarge,  is  being  used  in 
teJe-conmjnicatian  satellites  (2),  Several  researchers  hive 
studied  the  electrochemical  characteristics  of  Ni-Ha  battery 
(3,4,5).  It  wrs  found  that  hydrogen  pressure  rises  from  about 
0.5  MPa  in  the  fully  discharged  state  to  3-10  MTh  when  charged 
find  can  be  used  to  monitor  the  state  of  charge'  or  discharge, 
towever,  the  self-discharge  rate  is  about  10£  per  day  at 
even  thcugh  the  reaction  between  hydrogen  and  nickel  oxide  is 
expected  to  be  relatively  slow. 

The  purpose  of  the  present  study  is  to  investigate  hydrogen 
oxidation  on  nickel  oxide  electrode  in  30%  KGH  at  25°C  in  order 
to  understand  its  contribution  to  the  self-discharge  mechanic 
of  Ni-Ha  battery. 

Experimental 

Nickel  hydroxide  films  were  prepared  by  electrochemical 
deposition  frem  2\  nickel  nitrate  solution  on  nickel  foil  sub¬ 
strate  (99.99%  Ni  fmm  Alfa  products).  Prior  to  use,  the  foils 
vere  cleaned  electrocheracally  in  1M  MN0>  with  an  anodic  current 
of  If)  mA/cm  for  1  minute  and  rinsed  with  acetone  and  deionized 
hater.  After  cloning,  the  elect rcchamca)  deposition  process 
was  conducted  at  75°C  with  a  nickel  foil  counter  electrode  in  a 
Pvrex  cell  by  applying  a  cathodic  current  of  80  mA/an’.  Nickel 
hydroxide  films  were  exanined  by  SFM  and  confirmed  by  X-ray 
diffraction. 

TT*>  electrolyte  was  XP  KCH  and  purged  with  argon  or  hydro¬ 
gen  at  25  C.  The  elect  rahemi  cal  cell  consisted  of  a  nickel 
oxide  working  elect  rale,  a  Pt  counter  electrode,  and  a  Vn  wire 
reference  electrode.  The  reference  electrode  was  isolated  from 
the  lest  solution  by  means  of  Inggin  capillary. 

ResulLs  and  Discussion 

Figure  1  shews  typical  charge/discharge  charac ter i sties  of 
the  nickel  oxide  elect.  r«xle;  this  elecLrode  wos  first  charged  at 
G/10  for  9  fnurs  and  lol lowed  by  discharge  at  (75  to  l.W.  There 
are  two  voltage  platenus  during  discharge.  It  was  explained  that 
the  upper  voltage  plateau  is  controlled  by  tlx?  proton  diffusion 
within  the  active  notorial  find  tiie  lower  plateau  controlled  bv 
the  resistance  of  poorly  conductive  material  formed  on  Uie  inter¬ 
face  between  the’  nickel  substrate  and  the  active  imterial  (6). 

Figure  2  4kjws  cathcxlic  vo  1  Lxnograms  on  charged  nickel  oxide 
electrodes  in  TfZ  KCH  at  2r>  C  after  exposure  to  argon  or  hydrogen 
for  various  times.  The  rrrxmt  of  cathcxlic  charge*.  represented  by 
tlx*  whole  area  of  tfie  peek,  decreases  with  incrcn.se  of  exposure 
time  to  hvdrogm.  This  suggests  that  tlx*  conductive  NidJl  film 
is  t  reins  formed  to  tlx*  less  conductive  Ni(flD,  bv  the  fiydrogcn 
oxidation  <m  nickel  oxide  and/or  the  nickel  foil  substitute  suit 

H,  —  2  11^ 

H  +  (jf - ►  11,0  +  e" 

Niff  Iff  +  ff,0  +  r"  - *  Ni  (CH),  -t  Of 
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Figure-1:  Charge /d i sdiarge  behavioi  of  nickel  oxide  elect  rude 
electmdwmai.1  lv  deposited  on  nickel  foil. 


Figure  *41:  (atlvxlir  volumgrnms  on  charged  nickel  oxide  elect  mfes 
in  rf  KOI  at  25nG  idler  oxjxisure  to  urgen  or  h v<h  yen 
for  various  tine. 
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On  the  Nature  of  Cadmium  Electrode  Capacity  Fading 
D.  H.  Fritts  and  R.  A.  Flake 

Aero  Propulsion  Laboratory 
AFWAL/POQS-2 

Wright-Patterson  AFB,  OH  45433 

The  fading  of  capacity  in  cadmium  electrodes 
under  cycling  conditions,  for  example  in  nickel -cad 
mium  batteries,  is  a  well  known  phenomena.  To  com¬ 
pensate  for  this  gradual  loss  of  capacity,  the 
stoichiometry  of  nickel -cadmi urn  cells  is  generally 
heavily  in  favor  of  the  cadmium  electrode ;  typically 
1.5  to  1.  The  cause  of  capacity  fading  has  been 
generally  attributed  to  the  inability  to  fully 
recover  the  discharge  product,  Cd(0H)~  upon 
recharging  the  cell.  Cd(GH)-  crystals  have  been 
shown  to  become  el ectrically'Msol ated  or  presumed  to 
be  such  (1,2)  by  many  investigators. 

In  this  work  precise  measurements  of  the  resist¬ 
ance  change  that  occurs  when  a  cadmium  electrode  is 
cycled  was  used  to  quantify  the  degree  of  capacity 
fading,  in  Figure  1  an  equivalent  circuit  of  a  cad¬ 
mium  electrode  is  shown.  It  is  simply  two  resistors 
in  parallel  with  one  being  the  active  material  and 
the  other  being  a  fixed  resistance  due  to  the 
nickel  sinter  substrate.  The  resistance  change  is 
apparent  from  the  half  cell  reaction. 


mium  electrode  fading  in  general,  or  if  the  observed 
mechanism  is  characteristic  of  high  temperature 
cycl ing . 
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Cadmium  EU’Ctrode  Equi  va ’  ent  Circuit 
ur  Electronic  Conduction 


where  cadmium  is  an  electronic  conductor  and  Cd(0H)p 
is  not.  Thus  when  charged  the  resistance  of  a  cad¬ 
mium  electrode  is  less  than  when  it  is  discharged. 

To  obtain  the  data  a  three  electrode  test  cell 
'..-to  fabricated  where  the  cadmium  electrode  was 
placed  between  two  nickel  hydroxide  electrodes.  The 
electrolyte  was  31-  KOH.  The  stoichiometry  was  in 
favor  of  the  nickel -hydroxide  electrodes.  It  is 
thus  assumed  the  cadmium  electrode  was  limiting  the 
capac  ity. 

The  resistance  was  measured  by  continuously  pass¬ 
ing  a  one  amp  test  current  through  the  cadmium  elec¬ 
trode  in  a  circuit  independent  of  the  charge-dis¬ 
charge  circuit.  During  an  actual  resistance 
measurement  the  charge-d ischarge  circuit  was  opened 
and  the  voltage  drop  due  to  the  test  current 
measured-  A  character istic  value  of  resistance  was 
35  mjl  with  a  resolution  of  less  than  10^  A  . 

In  Figure  2,  the  resistance,  cell  internal  temp¬ 
erature,  and  cell  amp-hour  status  are  plotted.  ttete 
that  the  resistance  gets  less  with  decreasing  cell 
capacity. 

Based  on  the  previous  discussion,  it  would  seem 
that  as  the  cadmium  electrode's  capacity  fades  the 
resistance  would  rise  as  less  and  less  material  is 
available  for  recharging.  What  is  observed  is  just 
the  opposite,  i.e.,  the  resistance  decl ines  with 
capacity  fading.  This  implies  that  capacity  fading 
is  due  to  the  isolation  of  metallic  cadmium  during 
discharge.  This  would  be  consistent  with  the  results 
of  Fritts  and  Dueber  (3),  if  the  cadmium  deposition 
was  thicker  than  3.5  x  10  cm,  which  was  found  to  he 
a  character istic  physical  depth  of  discharge  for  cad¬ 
mium  passivation. 

At  present  all  the  data  has  been  collected  at  the 
above  temperature  as  the  capacity  fading  is  very 
ipparent  at  this  point.  Additional  testing  is  being 
dune  at  other  temperatures  to  determine  if  the  behav¬ 
ior  reported  herein  is  a  valid  observation  lor  cad- 


Mctallic  Cadmium 
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STUDY  ON  SELF-DISCHARGE  OF  A  METAL  HYDRIDE 
RECHARGEABLE  BATTERY  SYSTEM  EMPLOYING 
MmNi5_xMx  ALLOY 

M.lkoma,  Y.lto,  I. Mat sumo to  and  H.Ogawa 

Technology  Laboratory 
Matsushita  Battery  Industrial  Co.,  Ltd. 

1,  Matsushita-cho,  Moriguchi 
Osaka  570,  Japan 

1 . INTRODUCTION 

Recently,  researches  to  develop  Ni-H(MH) 
battery  employing  hydrogen  storage  alloy  of 
multicomponent  LaNis*',  MmNis^1,  and  Ti-Ni31 
have  been  done  extensively.  But  this  battery 
has  a  disadvantage,  that  is,  its  self¬ 
discharge  is  extremely  larger  than  Ni-Cd  bat¬ 
tery. 

So,  various  factors  accelerating  the 
self-discharge  in  the  sealed-type  Ni-H(MH) 
battery  (AA  size)  and  its  mechanism  were 
studied.  The  impurities  from  electrodes  and 
especially  from  the  separator  were  decreased, 
and  the  performance  of  self-discharge  was  im¬ 
proved  as  same  as  that  of  Ni-Cd  battery. 

2.  EXPERIMENTAL 

The  negative  electrode  used  an  alloy  pow¬ 
der  with  formula  MmNi5_xMx (Mm:  Misch  metal, 

M:  Mn,  Al ,  and  Co).  As  the  positive  electrode 
foamed  nickel  positive  plate51)  was  used.  As 
the  separator  non-woven  fabric  made  of  poly¬ 
amide  (PA)  and  polypropylene  {PP,  included 
surfactant)  and  non-woven  fabric  whose  main 
material  was  a  chemically  stable  polypropylene 
with  hydrophilic  property  (h-PP)  were  used. 

3.  RESULTS  AND  DISCUSSION 

Sel f-di scharge  of  Ni-H(MH)  batterv  using 
:'cnNi3 . 55MnQ  .  4  Alo  .  3C00 . 75  and  h-PP  is  shown  in 
Fig.  1.  As  the  reference,  characteristics  of 
N'i-H(MH)  battery  using  PA  and  Ni-Cd  battery 
are  also  shown  on  the  same  figure.  When  PA  is 
used,  capacity  retention  became  almost  0%  af¬ 
ter  14  days  storage  at  45°C.  In  contrast  of 
this,  when  h-PP  is  used,  capacity  retention 
became  50  to  55%  after  30  days  storage,  that 
is,  the  self-discharge  is  extremely  decreased 
and  th  characteristic  of  this  battery  could 
be  improved  to  the  level  of  Ni-Cd  battery. 

Here,  the  following  5  items  are  taken  as 
the  factors  which  have  effects  on  the  self¬ 
discharge  and  the  effect  of  each  item  was  dis¬ 
cussed  . 

(a )  Sel f-decomposition  rate  of  positive  plate 

(b) Nitrate  ion  in  positive  electrode 

(c)  Oxygen  and  hydrogen  gases 

(d)  Organic  impurities  from  the  separator 

(e) Metal  ions  from  the  hydrogen  storage  alloy 

(a)  The  self -decomposition  rate  of  positive 
plate  was  studied  by  experiments  with  a  half¬ 
cell  and  the  results  are  shown  in  Fig.  3.  It 
was  recognized  that  the  positive  electrode  oc¬ 
curs  self-decomposition  of  20  to  22%  after  30 
days  storage  at  45°C. 

(b)  In  this  experiment,  the  nitrate  ion  free 
positive  plate  is  used,  so  it  is  impossible 
that  nitrate  anion  relates  the  redox  reaction 
of  the  electrodes. 

(c) Then,  the  influence  of  oxygen  and  hydrogen 
gases  on  the  sel f -discharge  were  studied  with 
a  half  cell.  As  the  result,  influence  of  oxy¬ 
gen  is  hardly  recognized  in  the  ranqe  of  the 
partial  pressure,  0  to  201(Fiq.2).  Also,  it 
became  clear  that  hydrogen  of  partial  pres¬ 
sure,  1  atm  or  less,  scarcely  affects  reduc¬ 
tion  reaction  of  the  positive  electrode. 


(d) Next,  the  effect  of  separator  on  the  self¬ 
discharge  was  studied  with  the  Ni-Cd  battery 
whose  negative  plate  was  considered  to  give 

no  metal  ion,  except  Cd  ion,  and  the  result  is 
shown  in  Fig.  3.  When  PA  is  used,  the  capac¬ 
ity  retention  is  45  to  50%  after  30  days  stor¬ 
age  at  4 5 °C.  When  PP  and  h-PP  are  used,  the 
capacity  retentions  are  55  to  60%  and  75%  re¬ 
spectively.  These  results  exhibit  almost  the 
same  tendency  to  the  Ni-H(MH)  battery  (Fig.l) 
and  it  became  clear  that  the  stabler  separator 
against  electrolyte  is  used,  the  more  the 
self-discharge  is  decreased. 

From  these  results,  it  is  considered  that 
organic  impurities  which  is  dissolved  from  the 
separator,  accelerate  the  self-discharge. 

Then,  the  decomposed  products  from  PA  were 
studies  by  IR  spectroscopy  and  absorptions 
which  are  assigned  to  carboxylate  and  amine 
were  found.  Ammonium  ion  is  found  with  ion- 
chromatograph.  From  these  facts,  it  is  con¬ 
sidered  that  PA  is  hydrolyzed  to  form  hexame- 
thylenedi amine,  ammonia,  and  adipate  ion. 

Then  these  impurities  are  added  into  electro¬ 
lyte  and  effect  of  them  on  the  self-discharge 
was  studied  with  chemically  stable  h-PP.  The 
results  are  shown  in  Fig.  4.  As  for  amine  and 
ammonia  as  well  as  N03~,  it  became  clear  that 
the  self-discharge  is  accelerated  with  increase 
in  concentration  of  them.  Consequently,  when 
PA  is  used  as  the  separator  of  Ni-H(MH)  bat¬ 
tery,  amine  and  ammonia  take  part  in  the  redox 
reaction  as  well  as  NO3-5)  in  Ni-Cd  battery,  and 
the  self-discharge  is  accelerated  (Fig. 5). 

(e)  But  Ni-H(MH)  battery  has  large  self¬ 

discharge  than  Ni-Cd  battery  even  when  impur¬ 
ities  arc  checked  by  usinq  h-PP.  Then  metal 
ions  are  considered  to  accelerate  the  self- 
discharge.  Alloy  powder  represented  by  the 
formula  MnNi3  .  .  3Co0.  75  was  used  as 

the  negative  electrode,  and  the  se 1 f-discharqe 
was  studied.  The  results  are  shown  in  Fig.  6. 
When  number  of  substituted  atoms  increases 
from  0.2  to  0.4,  capacity  retention  increases 
from  24%  to  54%.  Though  the  cause  of  this 
phenomenon  is  being  discussed  now,  it  seems 
that  the  suitable  substitution  of  Mn  decreases 
the  elusion  of  cobalt  from  the  alloy. 

\  .CONCLUSION 

To  decrease  sel f-discha rgc ,  it  is  impor¬ 
tant  to  use  chemically  stable  separator  even 
at  hiqh  temperature.  The  self-discharge  of 
Ni-H(MH)  battery  in  which  comparatively  stable 
hydrogen  storage  alloy  is  used,  it  also  im¬ 
proved  to  the  level  where  it  can  be  used  prac¬ 
tically  without  any  problem. 
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INTRODUCTION 

Silver  oxide/zinc  (AgO/Zn)  batteries  are  widely 
used  as  power  sources  in  various  commercial,  military 
and  aerospace  applications.  AgO  cathodes  prepared 
electrochemically  by  anodization  of  sintered  silver 
plates  in  aqueous  KOH  electrolyte  (1)  are  used  in 
high-rate  batteries.  AgO  material  prepared  chemically 
by  persulfate  oxidation  of  aqueous  alkaline  solutions 
of  AgNOj  (2)  or  by  ozonization  (3)  is  used  for 
low- rate  applications. 

The  anomalously  high  thermal  decomposition  rate  of 
numerous  electrochemically  prepared  (EP)  AgO  cathode 
materials  used  in  primary  reserve  AgO/Zn  batteries  has 
been  a  persistent  problem  for  battery  manufacturers. 
Capacity  losses,  pressure  build-ups,  activation  time 
delays,  and  voltage  regulation  problems  have  all  been 
attributed  to  the  thermal  decomposition  of  the  AgO 
cathode  during  storage  of  the  battery  (4). 

We  have  recently  reported  on  the  decomposition 
kinetics  of  AgO  cathode  materials  by  thermogravimetry 
<TG)  (5-7).  These  studies  showed  a  tremendous  range 
of  thermal  stability  among  a  wide  variety  of  CP  and  EP 
AgO  cathode  materials.  In  general,  however,  the  CP 
samples  had  much  higher  thermal  stability  than  the  EP 
samples . 

In  this  paper,  we  report  on  the  preparation 
procedure  and  decomposition  kinetics  of  a  new  EP  AgO 
cathode  material  that  has  extremely  high  thermal 
stability.  The  thermal  stability  of  the  new  material 
was  determined  by  thermogravimetry  (TG) .  An 
accelerated-aging  study  of  the  new  material  and  other 
AgO  cathode  materials  was  conducted,  based  on  a 
typical  military  specification  temperature/time  test 
regime.  The  amount  of  AgO  decomposition  was  then 
compared  with  the  decomposition  rate  predicted  from 
the  kinetic  parameters  determined  by  T G. 


EXPERIMENTAL 

EP  AgO  cathodes  were  formed  by  galvanostat ic 
charging  of  sintered  silver  plates  at  current 
densities  of  2-6  mA/cm^  over  a  range  of  temperatures 
from  298  K  to  383  K  in  31  %  KOH  electrolyte.  Numerous 
additional  EP  and  CP  samples  were  obtained  from 
commercial  sources.  TG  studies  were  performed  with  a 
DuPont  9900  thermal  analysis  system  interfaced  to  a 
951  TGA  module.  The  composition  of  the  cathode  was 
determined  by  a  combined  thermogravimetry -gas 
chromatography  (TG-GC)  method  reported  earlier  (8). 
The  decomposition  kinetics  of  AgO  was  determined  by  a 
multiple-heating-rate  TG  method  (9)  applied  previously 
to  AgO  stability  studies  (5).  TG  samples  were  run  in 
platinum  boats  at  heating  rates  of  1.0-20.0  K/raln  over 
a  temperature  range  of  298-773  K  In  a  flowing 
atmosphere  (50  cor /min)  of  dry  helium.  A  Shimadzu 
GC-9A  gas  chromatograph  was  used  for  the  GC 
measurements.  Accelerated-aging  studies  were 
conducted  at  333  K  for  21  days  in  a  vacuum  oven. 


RESULTS  AND  DISCUSSION 

The  determination  of  the  Arrhenius  activation 
energy.  Ea,  pre- exponential  factor,  Z.  and  specific 
rate  constant,  k,  by  TG  for  the  AgO  decomposition 
reaction  was  discussed  earlier  (5).  Transition  metal 
impurities,  particularly  copper.  that  may  become 
incorporated  into  the  cathode  during  the 
electrochemical  formation  procedure  were  shown  to  be  a 
major  cause  of  AgO  destabilization  (6).  Pure  EP  AgO 
cathodes  containing  very  low  concentrat ions  of 
transition  metals  (e.g..  Ni ,  Co.  Cu  10  ppm)  were 
shown  to  have  much  higher  thermal  stability. 

As  part  of  a  comprehensive  stability  improvement 
program,  we  modified  the  standard  charging  procedure 
of  sintered  silver  plates  by  performing  the  charging 
at  elevated  temperatures  (363-383  K) .  It  was 
postulated  that  AgO  material  formed  at  high 

temperature  should  possess  superior  thermal  stability. 
The  format  c-.  of  less  stable  modifications  of  the 
material  would  be  impeaeu  during  the  preparation 
procedure,  (Ic  should  be  noted  also  that  thermally 
stable  CP  material  is  synthesized  at  elevated 

temperature  (2)).  The  new  material  was  found  to  have 
extremely  high  thermal  stability  with  an  Ea  of  166  kJ 
mol**.  The  Ea  values  of  other  EP  AgO  materials 
reported  earlier  (5)  ranged  from  100  to  133  kJ  mol** 
The  excellent  thermal  stability  of  the  new  material 
was  confirmed  by  an  accelerated-aging  study.  No 
measurable  AgO  decomposition  was  found  after  21  days 
storage  at  333  K.  whereas  up  to  15  %  decomposition  was 
measured  for  other  AgO  samples,  in  excellent  agreement 
with  the  calculated  TG  kinetics  parameters. 

Combined  TG ,  x-ray  diffraction  (XRD) .  extended 
x-ray  absorption  fine  structure  (EXAFS)  studies  have 
shown  that  the  lattice  structure  of  EP  AgO  can  be 
highly  oxygen-deficient  (10).  The  correlation  between 
thermal  stability  and  structure  of  AgO  cathode 
materials  is  discussed  in  another  paper  (111 
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INTRODUCTION 

Silver  oxide/zinc  alkaline  batteries  have 
found  numerous  commercial  and  military 
applications  as  primary  power  sources  due  to 
their  high  energy  and  power  densities.  The 
el ec trochemi cally  and  chemically  prepared  AgO 
(EP  and  CP-AgO)  cathodes  are  used  for  high 
and  low  rate  applications,  respectively.  Ep- 
AgO  is  thermally  less  stable  than  CP-AgO  and 
its  decomposition  rate  is  excessively  high 
for  many  applications,  leading  to  performance 
degradation  problems.  Tremendous  variations 
in  the  thermal  stability  of  dry  EP-AgO  occur 
and  have  been  found  to  depend  on  preparation 
pr ocedur e s . ( 1 , 2  ]  Electrochemically  induced 
structural  and  physical  variations  could  play 
an  important  role  in  controlling  the 
decomposition  rate.  Therefore,  an  improved 
knowledge  of  the  structure  and  physical 
properties  of  EP-AgO  as  a  function  of 
preparation  procedures  could  prove  invaluable 
to  the  solution  of  thermal  instability.  In 
this  paper,  a  combination  of  techniques 
including  extended  x-ray  absorption  fine 
structure  (EXAFS),  x-ray  diffraction  (XRD), 
x-ray  p h o t o e 1 e c t r on  spectroscopy  (XPS), 
scanning  electron  microscopy  (SEM), 
thermogravimetry  ( TG )  ,  and  gas  chromatography 
(GC)  have  been  used  to  determine  the 
structure,  composition,  morphology,  and 
stability  of  AgO  cathodes.  From  the  results, 
we  developed  a  model  for  the  stability  of  AgO 
materials. 

EXPERIMENTAL 

EP-AgO  cathodes  were  produced  by  means  of 
constant  current  anodization  of  sintered 
silver  plates. [3]  Plates  were  charged  in  31 
or  A0  wt  Z  K0H  in  distilled  water  at  various 
apparent  surface  current  densities.  The 
effects  of  cha r ge  -  d i s cha r ge  cycling  as  well 
as  the  temperature  of  the  electrolyte  were 
investigated.  A  Norelco  XRD  unit  with  copper 
x-rays  and  a  nickel  filter  was  used  for  bulk 
compositional  analyses.  A  Kratos  ES300  XPS 
with  a  dual  Al/Mg  x-ray  anodes  was  used  for 
oxidation  state  and  surface  compositional 
analyses.  An  Amray  1000A  SEM  was  used  for 
investigating  the  particle  size  and  shape  of 
the  AgO  crystallites.  An  electron  beam  at  a 
voltage  of  20  V.  e  V ,  current  of  0.01  na,  and  a 
diameter  of  the  order  of  100  A  was  used  in 
the  SEM.  TG-GC  experiments  were  described 
elsewhere.  (1, A  3  EXAFs  experiments  were 
performed  on  x-ray  beam  line  11-A  at  the 
National  Synchrotron  Light  Source  (NSLS)  in 
December  of  1986.(5]  Spectra  of  the  silver 
K-edge  were  measured  in  the  transmission  mode 
at  room  temperature  (  298  K)  and  neat  the 
temperature  of  liquid  nitrogen  (77  K). 


RESULTS  AND  DISCUSSION 

Because  of  EXAFS  sensitivity  to  the  local 
rather  than  the  long  range  structure  in 
materials,  it  is  uniquely  suited  for 
detecting  electrochemically  induced  small 
structural  variations.  EXAFS  provides 
information  regarding  the  interaction  of 
oxygen  with  silver  which  is  essential  to 
understand  the  decomposition  mechanism. 
Analyses  of  EXAFS  data  proved  that  the 
dominant  product  produced  by  the  anodization 
of  sintered  silver  plates  is  an  oxygen- 
deficient  form  of  AgO. [6]  That  is,  AgO^.g  is 
formed  rather  than  a  mixture  of  separate 
phases  of  stoichiometric  AgO  and  Ag20  as 
previously  thought.  The  degree  of  oxygen 
deficiency,  6,  depends  on  preparation 
procedures  and  can  take  on  values  between 
0.00  and  0.25.  A  few  of  the  EF-AgO  cathodes 
contained  almost  entirely  Ag403  (i.e,  AgO^.j 

with  6-0.25).  The  atomic  structure  of  this 
phase  is  derived  from  that  of  AgO[7J  by 
creating  one  oxygen  vacancy  adjacent  to  each 
of  the  A  g +  ^  ions  without  altering  the 
structure  near  the  Ag+*  ions.  Thus,  Ag+^  in 
the  AgO  lattice  is  converted  to  Ag*2  in  Ag^03 
in  agreement  with  our  XPS  results  and  with 
earlier  results  which  indicated  the  presence 
of  paramagnetic  centers  in  CP-AgO. 

XRD  patterns  of  EP-AgO  consist  mainly  of 
Bragg  diffraction  lines  whose  positions  are 
characteristic  of  CP-AgO  but  whose  full  width 
at  half  maximum  are  significantly  broader. 
The  degree  of  broadening  was  found  to  vary 
with  preparation  procedures  and  to  increase 
with  an  increase  in  6.  XRD  compositional 
analyses  showed  that  for  most,  but  not  ail. 
cathodes  at  least  one  of  the  phases  Ag ,  Ag20, 

or  Ag 2C0 3  was  present  in  small  quantities. 

With  structural  insights  from  the  EXAFS 
results,  a  new  approach  based  on  TG  and  XRD 
which  takes  into  account  the  existence  of 
oxygen-deficient  AgO  has  beei  developed  for 
the  quantitative  analysis  cl  AgO  cathodes. 
This  model  provides  an  altejnative  approach 
to  EXAFS  for  the  determination  of  6.  This 
allows  the  ready  correlation  of  6  with  the 
stability  of  the  material.  TG  analyses 
indicated  that  the  stability  of  AgO  cathodes 
is  a  strong  function  of  oxygen-deficiency  and 
particle  size. 
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During  the  oxidation  of  zinc  in  an  alkaline 
solution,  a  porous  covering  film  of  precipitation 
products  is  frequently  found  to  deposit  on  (he 
electrode  surface  prior  to  passivation.  The  initial 
presence  of  this  film,  however,  docs  not  seem  to 
affect  the  continual  passage  of  current.  Under 
galvanostatic  discharge  conditions,  the  electrode 
potential  has  regained  relatively  constant  until 
passivation  occurs. 

Since  the  film  is  highly  porous  during  the  early 
stages  of  its  growth,  it  is  conceivable  that  despite 
the  low  conductivity  of  the  zinc  oxide  precipitate, 
the  electrical  resistance  imposed  by  (he  initial  film 
is  not  pronounced  enough  to  cause  a  distinct  shift  in 
the  electrode  potential.  Therefore.  although 
chronopotcntiomctry  is  viable  for  detecting  the 
occurrence  of  passivation,  the  method  is  not  sensitive 
enough  to  signal  the  onset  of  film  formation. 

In  view  of  this  difficulty  in  studying  the  film 
formation  behavior  during  zinc  oxidation  via 
electrical  methods.  Yamashita  and  coworkers  |l] 
applied  the  technique  of  chronocllipsomctry  [  2  ]  to 
monitor  additionally  the  optical  changes  at  the 
electrode  surface.  They  recorded  two  break  points  in 
the  phase  shift  transient  signal.  The  first  break 
point  was  suggested  to  be  due  to  the  precipitation  of 

a  Type  I  zinc  oxide  film  (3)  from  a  supersaturated 
zincatc  solution.  The  occurrence  of  the  second  break 
point  was  reported  to  coincide  with  the 
chronopotcntiomctric  transition  and  indicated 
passivation  of  the  zinc  electrode. 

Following  the  approach  of  Yamashita  and 
coworkers,  ellipsomctry  is  conducted  in  this  work  to 
complement  chronopotcntiomctric  measurments  to  gain 
additional  insights  into  the  surface  processes  during 
zinc  oxidation.  A  data  acquisition  system  has  been 
interfaced  to  the  experimental  equipment  to 
synchronize  the  recording  of  the  electrochemical  and 

the  ellipsomctrical  signals.  Figure  1  shows  the 
typical  transient  behavior  of  the  electrode  potential 

and  the  cllipsomctric  parameters.  A  and  0.  observed 
during  galvanostatic  oxidation  in  a  2  N  KOH  solution  at 
100  mA/cm2.  The  cllipsomctric  _signals_  arc  presented 
as  deviation  from  their  initial  values,  A  and  \j>. 

As  the  current  is  first  switched  on,  the 

electrode  potential  increases  immediately  because  or 

ohmic  potential  drop  in  the  solution.  Thereafter,  it 
remains  relatively  constant  until  passivation  occurs. 

At  passivation,  the  electrode  potential  increases 
abruptly.  A  black  film  is  seen  to  be  covering  the 

electrode  surface.  Oxygen  gas  is  also  seen  to  be 

evolving  at  the  zinc  anode. 

While  the  electrode  potential  remains  relatively 

constant  during  the  oxidation  period,  some 

characteristic  features  arc  observed  on  the 
cllipsomctric  signals.  Upon  initial  dissolution,  both 
A  and  decrease  continuously.  After  some  time  later, 

these  parameters  reverse  in  direction  and  begin  to 


increase.  The  increase  in  \l>  usually  leads  the 

increase  in  A,  which  gives  the  loop  behavior  on  the 
A /\p  plot.  Towards  the  end  of  the  experiment.  A 

undergoes  a  sharp  decrease  while  \i>  increases 

simultaneously.  Our  digitally  acquired  data  reveal 
that  the  final  decrease  in  A  and  increase  in  occur 

after  the  potential  transition  (see  the  expanded  scale 

in  Figure  2).  This  result  indicates  that  the  cause  of 
zinc  passivation  cannot  be  attributed  to  the  formation 

of  the  black  film.  Rather,  its  formation  is  likely  to 

be  a  consequence  of  the  passivation  event. 

The  optical  signal  is  interpreted  as  the 

following.  The  initial  decrease  in  both  A  and  is 

due  to  roughening  of  the  electrode  surface  as  a  result 

of  metal  dissolution.  The  subsequent  increase  of 

these  two  parameters  indicates  the  growth  of  a  thick 

porous  precipitation  film.  The  final  decrease  in  a 

and  increase  in  <J>  is  due  to  the  formation  of  the  black 

film.  In  order  to  test  the  validity  of  this 
interpretation  of  the  optical  signal,  a  series  of 
supplemental  experiments  have  been  conducted.  These 
experiments  comprise  examining  the  system  behavior 

during  linear  sweep  voltammetry,  potential  step, 
potential  step  reversal,  and  the  modification  in  the 
galvanostatic  behavior  upon  zinc  oxide  pre-saturation, 
stirring,  deaeration,  and  current  interruption. 

Our  results  arc  consistent  with  a  dissolufion- 
orccipitation  film  formation  mechanism.  The  v 

transient  indicates  that  a  fourfold  zincatc 
s ipersaturation  is  required  to  initiate  phase 
transformation  at  the  electrode  surface. 
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Interest  in  the  sluiTy  Zn-Air  battery  system  with  separate 
discharge  and  recharge  stacks  derives  from  its  projected  high  energy 
density  to  power  electrical  vehicles  (1).  Recharge  can  be  either 
hydraulic  or  electric  or  both.  Electrical  recharge  is  done  by 
deposition  of  dendritic  Zn  on  a  suitable  substrate,  such  as  Mg  or 
glassy  carbon  plate  (2),  from  which  it  can  be  mechanically  scraped 
and  returned  to  the  discharge  cell  as  a  slurry.  Electrical  recharge  can 
be  performed  on-board  or  at  strategically  located  central  stations. 
Anodic  hydrogen  depolarization  can  reduce  the  cost  of  recharge 
considerably  (1)  in  central  recharge  stations. 

The  most  important  factor  that  determines  the  energy  density 
of  Zn-air  batteries  is  the  ability  of  the  electrolyte  (12  M  KOH)  to 
carry  oxidized  zinc  (either  as  Zn(OH)4++  ions  or  as  micelles  and/or 
polymers  with  ZnO).  The  nature  of  the  electrochemically  generated 
zincate  stabilized  with  LiOH  is  not  understood  and  requires  study. 
The  choice  of  LiOH  is  definitely  Edisionian:  T.  A.  Edison  first  chose 
it.  More  recently  Flerov  (3)  reported  that  Li+  ion  retarded  the 
precipitation  of  ZnO  from  electrochemically  generated  oversaturated 
solutions  of  zincate  in  KOH. 

This  work  reports  on  improvements  to  the  state  of  the  art 
discharge  capacity  of  the  slurry  Zn-air  battery  obtained  with  LiOH 
additive.  There  was  a  concern  that  the  improved  stability  of  zincate 
or  ZnO  in  solution  obtained  with  LiOH  and  other  capacity  extension 
additives  would  make  the  recharge  process  more  difficult.  This 
work,  however,  concludes  that  production  of  dendritic  Zn  from 
oversaturated  zincate  solutions  stabilized  with  LiOH  is  feasible  and 
can  proceed  with  low  energy  requirements.  The  benefits  are  not 
necessarily  extended  to  other  systems  with  static  or  flowing 
electrolyte  because  of  the  unique  characteristics  of  '.he  slurry  system 
that  involve  a  fluctuating  discharge  potential  coupled  with  brisk 
hydrodynamic  conditions  on  discharge  and  dendritic  rather  than 
smooth  Zn  deposition  on  recharge. 

The  specific  capacity  of  pure  1 2  M  KOH  determined  with  a 
200  cm2  bi-cell  (4)  was  106  Ah/1  (87  g  Zn++/l).  The  capacity  can 
be  increased  by  adding  a  type  A  additive  (25  g/1  silicate)  to  aid  in  the 
formation  of  micelles  around  minute  ZnO  particles.  A  further 
increase  in  specific  discharge  capacity  to  203  Ah/1  (248  g  Zn++/I) 
can  be  obtained  by  combining  with  a  Type  B  additive  (25  g/l  silicate 
+  15  g/1  sorbitol)  that  helps  stabilize  polymeric  chains  involving  ZnO 
molecules  (4).  The  highest  discharge  specific  capacity  was  228.8 
Ah/1  (279  g  Zn/1)  obtained  with  25  g/1  LiOH  in  12  M  KOH  (5).  All 
the  above  capacities  were  determined  at  200  mA/cm2  constant 
current  density  discharge.  Lower  current  densities  and  higher  slurry 
flow  rates  are  expected  to  improve  these  capacities.  However,  the 
capacity  obtained  by  discharging  with  an  air  cathode  with  static 
catholyte  is  not  the  maximum  that  could  be  obtained,  since  the 
porous  air  cathode  passivates  before  the  circulating  anode  (Zn 
particles).  The  most  likely  mechanism  of  passivation  is  ZnO 
precipitation  inside  the  air  cathode  pores  due  to  a  decreased 
concentration  of  water  in  the  electrolyte  (water  is  depleted  by 
reacting  with  Oo  to  form  OH'). 

A  useful  method  to  evaluate  the  inherent  capacity  extension 
provided  by  additives,  independent  of  the  behavior  of  the  air 
electrode,  is  based  in  the  determination  of  passivation  time,  tp, 
measured  after  galvanodynamic  steps  are  applied  to  a  Zn  rotating 
disk  electrode  in  the  test  electrolyte.  The  results  shown  in  Fig.  1 
followed  the  Sand  equation;  they  were  used  to  determine  a  critical 
current  density,  ic,  as  a  function  of  zincate  concentration  and 
additive  concentration.  The  concentration  of  zincate  at  which  the 
critical  cunent  density  becomes  zero  defines  the  inherent  capacity 
extension  of  the  additive  for  the  particular  temperature  and 
hydrodynamic  conditions  of  the  expenment.  The  maximum  inherent 
discharge  capacity  was  extrapolated  from  the  concentration  vs 


critical  current  density  curve  shown  in  Fig.  2.  The  inherent 
discharge  capacity  of  25  g/1  LiOH  in  12  M  KOH  thus  calculated  is 
302  Ah/1  (368.5  g  Zn/l),  it  represents  an  improvement  of  32%  over 
the  air  cathode  limited  discharge  capacity.  This  improvement  can  be 
reasonably  expected  to  became  a  reality  by  preventing  the  build  up 
of  zincate  concentration  in  (he  air  cathode. 

The  cell  voltages  and  specific  peak  powers  (with  respect  to 
exposed  area  of  the  air  cathode)  obtained  during  discharge  are  a 
function  of  current  density  and  DoD,  as  seen  in  Fig.  3  and  4 
respectively.  It  is  expected  that  the  voltage  vs  current  density  curve 
and  peak  power  corresponding  to  discharge  initiation  would  remain 
the  same  through  all  the  discharge  cycle  on  solving  the  air  cathode 
passivation  problem.  The  measured  coulombic  efficiency  for 
discharge  was  better  than  96%.  To  make  adequate  contact  to  the 
current  collector,  a  minimum  of  60  g  of  Zn  powder  per  liter  of 
slurry  are  required.  Zn  utilization  can,  nevertheless,  be  higher  than 
99%  by  running  a  battery  with  batches  of  slurry  prepared  from 
separately  stored  solid  and  liquid  components. 

The  recharge  of  zincate  oversaturated  electrolyte  was  studied  at 
room  temperature  with  a  cell  where  evolved  hydrogen  was 
measured.  The  cathode  substrate  used  was  a  Mg  plate  where 
dendritic  Zn  was  deposited  and  scraped  at  periodic  intervals  with  a 
polymeric  blade.  The  anode  was  a  nickel  mesh.  Temperature  was 
found  to  decrease  the  time  averaged  cathode  potential  at  all  depths  of 
charge.  Figure  5  shows  this  effect  on  electrolyte  containing  51  g  of 
dissolved  Zn.  However,  at  low  current  densities  higher  temperature 
promotes  smooth  Zn  deposits.  In  Figure  5,  an  arrow  indicates  the 
only  acceptable  dendritic  deposit  on  the  101  mA/cm2  curve. 
Dendritic  Zn  was  deposited  at  all  higher  cunent  densities. 

The  average  half-cell  energy  density  (cathode  overpotential 
times  current  density)  is  plotted  against  current  density  in  Figure  6 
for  constant  current  deposition  at  various  depths  of  charge  (DoC), 
expressed  as  grams  of  dissolved  Zn  per  liter.  The  arrows  indicate 
the  lowest  current  density  at  which  an  acceptable  dendritic  Zn  was 
deposited.  It  can  be  seen  that  the  charge  energy  required  has  a 
minimum  at  DoC  of  about  100  g  Zn/1.  This  is  so  because  higher 
voltages  are  required  at  low  DoC  in  o.dci  to  insure  high  currents  for 
dendritic  deposition  (under  diffusion  control),  and  high  DoC 
concentration  polarization  requires  again  higher  voltages  even  at  low 
current  densities.  It  might  be  possible  that  the  higher  zincate 
concentrations  obtained  with  LiOH  additive  cause  a  reduction  of 
overall  charge  energy.  More  measurements  are  required  to  prove 
this  point  but  at  least  it  can  be  concluded  that  specific  half-cell 
energies  of  less  than  0.3  Wh  per  gram  of  dendritic  Zn  deposited  at 
300  c/cm2  (or  more  specific  charge)  are  feasible  in  the  presence  of 
LiOH  additive 
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Fig.  1.  Inverse  square  root  of  passivation  time  vs. 
current  density.  Performed  in  a  rotating  disc  appara¬ 
tus  with  an  electrode  area  of  .1307  cm2  and  rotating 
speed  of  1000  rpm.  Electrolyte  was  25  g/1  LiOH  and 
various  concentrations  of  Zn++  in  12  M  KOH. 
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Fig.  4.  Specific  power  vs.  current  density  with 
respect  to  OoO.  Polarization  was  performed  at  55°; 
with  12  M  KOH,  350  g/1  fresh  Zn  and  comnmsspd  ai-- 
as  the  cathode  depolarizer 


CRITICRU  CURRENT  DENSITY 

Fig.  2.  Dissolved  Zn  vs.  critical  current  density 
'("inherent  capacity  for  25  g/1  LiOH). 
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Mg.  3.  Cell  potential  vs.  current  density  with 
respect  to  DoD.  Polarization  was  performed  at  55°C 
with  12  M  KOH,  350  g/1  fresh  Zn  and  compressed  air 
as  the  cathode  depolarizer. 


TEMPERATURE  CoC) 

Fig.  5.  Electrolyte  temperature  vs.  average  cathode 
"potential.  Recharge  was  performed  on  a  planar  Mo 
disc  with  Zn++  concentra tion  of  51  g  Zn/ 1  and  total 
specific  charge  of  300  c/cm2. 


CURRENT  DENSITY 

F_i_g.  6.  Current  density  vs.  averaqe  half-cell 
density.  Recharqe  was  performed  at  room  torre 
on  a  planar  Mq  disc  with  a  total  specify  rhar 
300  c/cm2. 
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Platinum  Electrode  in  the  Presence  and  Absence  of 
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Anodic  oxidation  of  glucose  on  noble  metal 
electrodes  has  been  studied  for  the  last  twenty 
years  because  of  the  possibility  of  utilizing  this 
electrochemical  reaction  for  fuel  cells  and  glucose 
sensors  [ 1 ] .  Although  the  electrochemical 
oxidation  of  glucose  is  strongly  dependent  on 
experimental  conditions  such  as  electrode  material, 
solution  pH.  the  presence  of  foreign  ions  in 
solution,  etc.  it  has  been  suggested  [2 J  chat  the 
reaction  proceeds  by  a  mechanism  similar  to  those 
recently  studied  for  elementary  organic  substances 
as  formic  acid,  formaldehyde  and  methanol.  However, 
some  aspects  of  the  mechanism  of  glucose  oxidation, 
including  the  identity  of  solution  products, 
reaction  intermediates,  and  adsorbed  species  on  the 
electrode,  are  still  controversial  [3j.  We 
present  here  the  results  of  in  situ  Fourier 
transform  infrared  reflection  absorption 
spectroscopic  (  FTIRRAS  )  studies  of  0-D(+) -glucose 
oxidation  on  a  platinum  electrode  in  acid  in  the 
presence  and  absence  of  unde rpo tent ial ly  deposited 
ilirUj  thallium  which  has  been  found  (4)  to  promote 
this  reaction. 


where  a  current  maximum  also  occurs(  Fig.  2).  On 
further  polarization,  both  the  frequency  and  the 
intensity  of  this  peak  decrease  again  as  the  CO  is 
oxidized  from  the  surface  (peak  II).  CO  oxidation 
at  this  potential  has  been  well  established  in  the 
1 iterature  [61- 

In  the  presence  of  thallium  UPD  the  glucose 
oxidation  current  is  greatly  increased  [6j.  but  the 
CO  peak  was  greatly  reduced  in  intensity  and  shifted 
ca.  6  cm'*-  to  low  frequencies  (Fig.  4).  This 
suggests  that  the  thallium  UPD  layer  enhances  the 
oxidation  process  by  preventing  the  adsorption  of  CO 
on  platinum,  at  least  at  potentials  up  to  0.6 
V(SCE).  Ir>  the  presence  of  thallium  the  reaction 
occurs  in  the  normal  double  layer,  giving  a  single 
oxidation  peak  without  surface-poisoning  by  CO 
species  [7].  It  is  not  clear  whether  the  low' 
frequency  shift  is  due  to  lowered  coupling  at  low 
CO  coverages,  diminished  adsorption  on  the  thallium 
modified  surface,  or  interaction  bef-ren 
neighboring  thallium  atoms  and  CO  on  platinum. 
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In  the  voltammogram  for  glucose  oxidation  on 
bare  platinum,  there  are  two  anodic  peaks  at  0.2  V 
and  0.6  V  vs.  SCE(  labeled  as  I  and  II  respectively 
In  Fig.  2  )  at  potentials  negative  to  the  platinum 
oxide  region.  Fig.  3  shows  the  spectra  obtained 
for  the  platinum  electrode  in  0.1  M  HCIO4  containing 
glucose  over  this  potential  range.  The 
characteristic  feature  in  the  region  2030  -  2080  cm‘ 
l  indicates  that  the  major  surface  species  during 
the  first,  step  of  glucose  oxidation  (peak  I)  is  the 
linearly  adsorbed  CO  [6j.  The  CO  peak  gradually 
increases  in  intensity  and  frequency  with  positive 
polarization,  reaching  a  maximum  at  0.2  V  vs.  SCE 
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Pi8  1  Opt  Leal  configuration  for  in  situ 
measurements  in  IBM-IR/98,  incident  angle.  60°.  CaF2 
window,  p-poi.  . (ration 
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Fig.  3  in  situ  FTIRRA  spectra  of  adsorbed  CO 
Pc  Mucfsce  ac  various  Es  In  0  1  K  HC10<,  concalnl 
0.11  N  fl-D(e)  -glucose  ;  '.00  s-ans.  p •  po lar Lzat ion . 

c»' 1  resolution,  Er-  -0  I  V  vi.  SCE. 


Fig  2  CoBpariaon  of  the  cyclic  voltaanograms  for 
the  oxidation  of  glucose  in  the  presence  and  absence 
of  underpotential- deposited  thallium  i  -  -  -  >  1  « 

HClOf, .  < - - )  1  N  HCIO4  ♦  0  5  H  glucose.  (•••)  1  N 

MCiOfc  *  0  5  H  glucose  ♦  VIC**  M  TICIO4  Scan  rate  - 
^0  aV/s.  A  -  22  ca^.  (  taken  froa  ref  5  ) 
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Fig  A  in  situ  FTIRRA  spectra  of  adsorbed  CO  ■ 
Pc  surface  ac  various  E,  in  0  l  N  HCIO4  concalnii 
OHM  0- D(*) -glucose  and  6  10~4  M  T"! C IO4  ,  the  otlv 
conditions  are  the  saae  as  In  Fig 
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We  show  that,  in  the  limit  of  low 
concentration  of  dissolving  snecjes 
selective  dissolution  of  binary  allays 
shoul I  lead  to  stable  interfaces  if  the 
process  is  controlled  by  diffusion  of  the 
dissolved  species  away  from  the  electrode 
but  to  unstable  surfaces  if  the  limiting 
step  is  diffusion  of  the  dissolving  species 
inside  the  alloy  The  argument  is  based  on 
an  application  of  the  physical  reasoning 
which  accounts  for  the  instability  of 
planar  interfaces  in  solidification 
processes  as  oryinally  discovered  by 
Mullins  and  Sekerka 1 

At  higher  concentrations  ot  the 
dissolving  species,  the  form  of  the 
interface  is  expected  to  depend  on 
whether  the  concentration  p  of  the 
dissolving  species  is  less  than  eaual  li¬ 
ar  graeta.  ttvar-  the  the  percolation 
concentration  pc.  II  p  <  pc  ,  then  we  «rgue 
that,  at  long  eoaugh  times  and  on  long 
enough  length  scales,  the  arguments 
mentioned  in  Ife  preceding  paragraph 
apply  In  that  case  and  when  the  limiting 
step  is  diffusion  inside  the  sample,  then 
we  show  that  the  kinetics  are  essentially 
those  nf  the  diffusion  limited  aggregation 
mode'^  (DtA)  and  the  interface  wilt  have 
the  traclal  char»ctrr  associated  with  that 
model  When  p  pc,  then  the  interlace 
results  trim  the  'eating  out*  of  the 
rnpidly  dissolving  species  in  the  arye 
percolat  or!  ctusUi  and  the  geometrical 
ghan»  of  vita  infer  data  -u.  anrarrtiaglg  Urn 
shape  of  the  surface  of  the  arge 
percolating  cluster  and  will  be  fractal 
with  a  difterent  d  mension  than  that  lound 
in  'he  case  p  <  p(  In  the  case  p  >  pc  .  we 

argue  lhat  at  sufliciently  long  time;  and 
large  distances.  fhe  problem  is 
geometrically  the  same  as  the  problem  nl 


P  ;  I  where  it  is  evident  that  the 
dissolution  process  will  lead  to  the  type 
of  interface  associated  with  the  Eden 
model  for  growth  This  model  does  not 
lead  to  a  fractal  interface,  but  the  width 
ol  the  interface  grows  with  time  as  a 
fractional  power  of  the  time 

These  results  are  guile  gaaaeal  wut 
depend  on  the  assumption  that  the  rate  of 
dissolution  from  the  surface  is  more  rapid 
than  the  rate  ot  diffusion  of  dissolving 
species  inside  the  metal  We  suggest  that 
the  experimental  variation  of  the 
potential  on  the  electrode  which  is 
dealtoging  changes  the  ratio  of  these  two 
rates  We  will  discuss  the  possibility  that 
the  thresholds  which  are  observed  in 
deailnying  processes  as  a  function  of  this 
electrode  potential  mag  anse  as  a 
consequence  ot  the  change  from  control  by 
the  dissolution  step  at  the  interface  |» 
control  by  diffusion  inside  the  metal  (in 
the  case  p  <  pr  )  or  by  diffusion  in 
ptvrl roigTe  (m  ihe  case  p  >  pr  | 

The  model  on  which  these  results  arc 
based  does  not  lake  explicit  account  of 
diffusion  rales  at  the  surface  which  are 
different-then  ditfuston  rates  in  the  bulk 
We  will  discuss  the  effects  ol  more  rapid 
diffusion  nf  the  surface  The  main 
conclusions  are  not  effected  at  large 
enough  distances  and  times 

The  effects  of  special  adsorption 
sites  an  the  surface  witl  affect  the  short 
range  structure  of  ihe  interface  but  will 
ndt  change  the  fundamental  conclusions 
We  will  present  numerical 
calculations  on  a  two  dimensional  model 
which  confirm  the  main  conclusions  This 
work  has  been  supported  in  part  by  the 

penerl  XtUUU/Qb  JAM 

Eorrosion  Research  renter  and  In  pari  by 
IBM  corporation 
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Mechanism  of  Selective  Alloy  Dissolution 
Below  and  Beyond  the  Breakthrough  Potential 

H.  Kaiser  and  H.  Kaesche 

Xnstitut  fuer  Werkstof f wissenschaf ten,  Uni- 
versitaet  Erlangen-Nuernberg,  Federal  Repub¬ 
lic  of  Germany 

Beginning  with  a  description  of  early  parting 
limit  concepts  [1,2]  and  a  brief  discussion 
of  recent  percolation  models  [3,],  the  theory 
of  selective  alloy  dissolution  is  summarized 
under  special  consideration  of  the  ("criti¬ 
cal")  breakthrough  potential,  above  which  the 
current  density  of  less  noble  components 
increases  abruptly.  The  transport  of  such 
components  to  the  electrode  surface  by  (rate- 
limiting)  volume  diffusion,  as  one  possible 
mechanism  [4] ,  was  examined  by  an  investiga¬ 
tion  of  the  anodic  dissolution  of  In  and  Cu 
from  low-melting  (high  diffusivity)  InSn  and 
higher-melting  (low  diffusivity)  CuPd  alloys, 
respectively.  In  the  former  case,  the  volume 
diffusion  mechanism  was  confirmed  by  both 
electrochemical  techniques  and  direct  elec¬ 
tron  microprobe  detection  of  In-depletion 
within  the  interdiffusion  zone  (Fig.  1) . 
Phase  transformations  initiated  by  the  selec¬ 
tive  removal  of  In  from  the  interme tallic  p- 
and  r-  phases  were  also  analyzed  [5] ,  and  the 
new  phases  developing  from  the  surface  were 
shown  to  grow  either  in  accordance  with  the 
principles  of  diffusion-controlled  trans¬ 
formations  [6],  i.e.  with  a  planar  interface 
due  to  the  establishment  of  interfacial 
equilibrium  (see  Fig.  2) .  or  in  a  morpholo¬ 
gically  unstable  (porous)  form,  probably  as  a 
consequence  of  kinetic  control.  With  CuPd 
alloys,  on  the  other  hand,  a  decrease  of  the 
Cu  concentration,  even  after  prolonged  pola¬ 
rization  below  the  breakthrough  potential  was 
only  observed  (Fig.  3)  by  combined  Auger 
electron  spectroscopy  and  ion  sputtering 
within  a  distance  of  about  2  nm  from  the 
electrode  surface  (close  to  this  method's 
depth  resolution)  [7].  At  the  same  time  a 
dense  coverage  of  vicinal  faces  with  epi¬ 
taxially  grown  Pd  crystallites  with  a  diame¬ 
ter  of  similar  magnitude  is  observed  by 
transmission  electron  microscopy,  most  prob¬ 
ably  illustrating  the  blocking  of  kink  sites 
and  steps  by  the  more  noble  component.  From 
these  results  it  can  be  concluded  that  an 
interdiffusion  zone  resulting  from  the  volume 
diffusion  mechanism  is  absent  in  higher¬ 
melting  alloys.  This  view  is  corroborated  by 
the  additional  observation  of  dissolution 
nuclei  that  are  formed  at  a  rate  that  in¬ 
creases  at  lattice  defects  and  shows  a  sharp 
rise  above  the  breakthrough  potential.  The 
lateral  grcwth  of  these  nuclei  appears  to  be 
limited  by  the  decoration  of  their  peripheral 
edges  with  Pd  crystallites  via  surface  dif¬ 
fusion,  the  final  growth  morphology  being  a 
3-dimensional  network  of  microtunnels  that 
propagate  in  low-indexed  crystallographic 
directions  [7,8)  . 
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Fig.  1.  Concentration  profile  of  In  in  a  Sn  5 
a/o  In  alloy  after  105  hrs.  anodic  polariza¬ 
tion  in  3  N  NaCl/0 . 01  N  HC1  solution  at  25  °C 
and  Eb  =  -  0.47  V.  Open  circles  from  electron 
microprobe  measurements,  solid  line  calcula¬ 
ted  for  D  =  5' 10-' 2  cm2/s  and  zero  concentra¬ 
tion  at  the  interphase. 


Fig.  2.  Interfacial  stability  during  diffu¬ 
sion-controlled  growth  of  a  p-Sn  transformed 
layer  (a)  by  the  selective  dissolution  of  In 
from  a  r-Snln  alloy  (b) .  513  hrs.  anodic 
polarization  in  3  N  NaCl/0, 01  N  HC1  at  Eb  = 
-  0.47  V. 


Fig.  3.  Concent r at  ion -dept h  profiles  of  Cu  in 
a  Cu  25  C/O  Pd  alloy  after  24  hrs.  anodic  po 
larization  in  acidified  1  N  Na? SO«  soluti"n 
below  the  breakthrough  potential  > Ei  -  0.53 
Vi  (8).  Data  from  Augei  election  sputtering 
profiles .  corrected  for  the  escape  depth  in- 
f 1 uence . 
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We  will  discuss  how  electrochemical  effects  modify  the  simple 
concepts  presented  above.  Various  unresolved  issues  related 
to  de-alloying  will  be  discussed  in  terms  of  the  theory 
including  the  so-called  critical  potential,  anodic  dissolution 
kinetics  above  and  below  the  de-alloying  threshold,  and  the 
magnitude  of  de-alloying  thresholds  or  parting  limits  for 
various  metal-electrolyte  systems. 


De-alloying  is  an  important  aspect  of  corrosion  in  alloy 
systems.  The  theoretical  framework  for  the  high  temperature 
corrosion  or  oxidation  of  alloys  was  developed  by  C.  Wagner 
35  years  ago  [1,2]  and  this  seminal  work  included  detailed 
discussions  of  selective  oxidation  processes,  fn  Wagner’s 
description  of  high  temperature  oxidation  the  interplay  of 
volume  diffusion  processes  in  the  metallic  and  oxide  phases 
determined  the  roughness  of  the  metal-oxide  interface  as  well 
as  the  overall  rate  of  oxidation. 

A  similar  theoretical  treatment  was  developed  by  Pickering 
and  Wagner  (P&W)  [3]  15  years  later  in  order  to  account  for 
the  electrolytic  dissolution  of  binary  noble  metal  alloys.  The 
proposed  transport  process  allowing  dissolution  to  proceed  at 
ambient  temperatures  was  a  solid  state  di-vacancy  diffusion 
mechanism.  Various  difficulties  exist  regarding  the  general 
utility  and  appropriateness  of  the  P&W  analysis  and  we  will 
discuss  some  of  these  issues. 

One  example  of  such  a  difficulty  relates  to  results  of  recent 
experiments  [4]  examining  selective  dissolution  as  a  function 
of  alloy  composition  in  Al-Cu  and  Zn-Cu  alloys  as  illustrated 
in  Figure  1.  This  result  demonstrates  that  sharp  critical 
compositions  or  de-alloying  thresholds  exist  below  which  de¬ 
alloying  does  not  occur.  This  critical  behavior  is  not 
consistent  with  the  notion  that  a  bulk  diffusion  mechanism  is 
responsible  for  transport  of  the  less  noble  metal  constituent  to 
the  metal-electrolyte  interface. 

We  will  present  a  new  theoretical  framework  for  alloy 
corrosion  based  upon  concepts  derived  from  percolation 
theory  [5].  According  to  the  theory  an  ApB,.p  alloy  immersed 
in  an  electrochemically  aggresive  environment  can  undergo 
selective  removal  of  A  only  if  continuous  connected  clusters  of 
A  exist  throughout  the  solid.  The  probability  of  the  existence 
of  such  an  infinite  cluster  of  A  atoms  is  the  subject  of 
percolation  theory  which  describes  a  critical  composition 
referred  to  as  the  percolation  threshold  below  which  this 
probability  is  zero  and  above  which  this  probability  is  one. 
The  percolating  cluster  of  atoms  provides  a  continuous  active 
path  for  the  electrolyte  to  follow  into  the  bulk  solid,  allowing 
the  corrosion  process  to  continue.  The  dissolved  structure 
consists  of  a  continuous  nano-porous  layer  enriched  in  B. 
Owing  to  the  atomistic  dimensions  of  these  ligaments  an 
extremely  rapid  form  of  Ostwald  ripening  occurs  which  leads 
to  a  coarsening  of  the  initial  structure.  This  coarsening  allows 
for  the  further  penetration  of  the  electrolyte  and  also 
diminishes  the  effects  of  various  other  transport  limiting 
processes. 
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Figure  \.  Dependence  of  the  de-alloying  charge  density  and 
estimated  de-al loved  layer  thickness  on  alloy  composition  for 


Zn-Cu. 
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Foil  samples  of  Cu-137.Au  and  Cu-l87.Au  (atomic  %) 
were  prepared  by  ion  beam  milling.  The  thinned  foils 
were  spot  welded  to  a  Pt  wire  and  dealloyed  by  anodic 
polarization  in  an  electrolyte  of  IN  Na2S04  - 
0.01N  H2SO4.  The  dealloyed  morphologies  were  examined 
using  either  a  Philips  300  or  420  TEM.  Samples 
dealloyed  at  potentials  less  noble  than  the  breakaway 
or  critical  potential  (Ec)  showed  some  isolated  pitting 
with  pit  diameters  of  30  -  LuUA,  as  shown  in  Figure 
1.  Samples  dealloyed  at  F.  Ec  showed  regions  of 
complete  pit  coverage  near  foil  edges,  and  isolated 
pits  and  pit  clusters  on  regions  removed  from  the 
foil  edge.  The  pit  diameters  at  E  >  Ec  ranged  from 
100  -  500  A  with  the  larger  pits  occurring  near  foil 
edges.  Samples  showed  Moire  fringe  patterns  that 
resulted  from  the  overlapping  of  the  Au-rich  dealloyed 
material  and  the  substrate  alloy,  as  shown  in  Figures 
2  and  3.  The  spacing  between  fringes  corresponds 
to  a  dealloyed  composition  of  93%  Au.  These  patterns 
indicate  the  formation  of  small  Au-rich  nuclei  (Figure 
and  the  accumulation  of  Au  on  pit  walls  and  region 
around  pits  (Figure  3)  as  the  dealloying  reaction 
proceeds.  Surface  migration  may  account  for  the 
Au  accumulation. 


Figure  2.  Sample  of  Cu-187.Au  dealloyed  at  E=642  mV 

(SHE)  showing  the  formation  of  small  round 
Moire  fringe  patterns. 
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Figure  3.  Sample  of  Cu-187j\u  dealloyed  at  E=7 A 2 mV 
(SHE)  showing  Moire  fringes  on  pit  wall 
and  on  regions  around  pits. 
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Figure  l.  Sample  of  Cu-l84Au  after 
at  E=542mV  (SHE)  showing 
isolated  pitting  near  a 


Specif ically: 
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Selective  dissolution  (dealloying)  is  often  the 
dominant  process  in  the  aqueous  corrosion  of  metal 
alloys.  In  this  phenomenon,  an  ApBj.p  alloy 
immersed  in  an  aggressive  environment  undergoes  a 
process  in  which  the  less  noble  component  (A)  is 
selectively  removed  from  the  alloy.  Metal-environ¬ 
ment  systems  display  sharp  compositional  dealloying 
thresholds  or  parting  limits  below  which  only  super¬ 
ficial  dealloying  occurs  and  above  which  bulk  de¬ 
alloying  is  observed.  The  principle  morphological 
change  associated  with  selective  dissolution  is  the 
development  of  a  nano-or  micro-porous  dealloyed 
layer.  The  conventional  theories  of  dealloying  in  a 
(binary)  alloy  rely  on  the  following  mechanisms: 

(l)  selective  dissolution  of  the  less  noble  metal 
atoms  and  aggregation  of  the  more  noble  metal  atoms 
by  surface  diffusion  (l I;  (2)  selective  dissolution 
of  the  less  noble  metal  as  transport  occu.s  by  di¬ 
vacancy  volume  diffusion  ( 2 1 ;  and  (3)  dissolution  of 
atoms  of  both  elements  followed  by  redeposition  of 
the  more  noble  metal  atoms.  None  of  these  theories 
can  explain  the  existence  of  sharp  dealloying 
thresholds. 

The  origin  of  the  dealloying  thresholds  and 
other  aspects  of  the  selective  dissolution  process 
are  clarified  in  a  new  theory  of  dealloying  {3] 
which  is  based  upon  percolation  theory.  According 
to  this  theory,  in  order  for  the  A  atoms  to  be 
selectively  dissolved  from  more  than  just  the  sur¬ 
face  of  the  alloy,  a  continuous  connected  cluster  of 
these  atoms  must  exist.  This  percolating  cluster 
provides  an  active  path  for  the  dissolution  process 
to  occur  and  also  provides  a  path  for  the  electro¬ 
lyte  to  penetrate  into  the  bulk  solid.  The  remain¬ 
ing  structure  is  enriched  in  B  and  consists  of  a 
porous  network  of  ligaments  which  are  of  atomistic 
dimensions.  Owing  to  the  extraordinarily  high  sur¬ 
face  to  volume  ratio  of  these  ligaments  coarsening 
quickly  occurs  at  ambient  temperatures.  This 
coarsening  occurs  Immediately  behind  the  dissolution 
front  and  allows  for  easy  penetration  of  the  elec¬ 
trolyte.  If  the  elements  are  sufficiently  different 
In  reactivity,  then  the  dealloying  threshold  will  be 
close  to  the  3- dlmens Iona l  site  percolation  thresh¬ 
old  for  the  lattice.  If  the  elements  In  the  alloy 
do  not  differ  greatly  in  reactivity  then  dealloying 
proceeds  by  a  layer-by-layer  process  and  the  thresh¬ 
old  will  be  close  to  the  relevant  2-dimensional  site 
percolation  threshold.  The  variation  In  the  'le- 
alloylng  threshold  from  one  system  to  another 
relates  to  the  differing  tendency  tf  the  acorns  of 
the  more  reactive  element  to  dissol'e  fr<*m  (and  the 
atoms  of  the  more  noble  element  to  diffuse  from) 
surface  sites  of  varying  coordination  number. 

The  Pickering  and  Wagner  analysis  |2]  based 
on  the  volume  diffusion  mechanism  predicts  that  the 
dissolution  of  the  more  reactive  clement  results 
in  a  dealloying  current  proportional  to  t‘*^. 

We  believe  that  the  surface  diffusion  mecnanism 
also  yields  1  ■*  and  the  predictions  of  a 

dl ssolutlon- redeposl t ion  mechanism  are  not  clear. 

The  percolation  theory  of  dealloying  predicts  dif¬ 
ferent  functionalities  for  the  current  decays  below 
and  above  the  dealloying  threshold,  p* . 

•Department  of  Materials  Science  and  Engineering, 
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(a)  Below  p*  the  dealloying  rate  is  determined 
by  the  A  atom  cluster  structure.  The  current  should 
have  the  following  form: 


exp  ( - ct° )  dt 


where  0  <_  rt  1  and  l  <  5  <  2  for  dissolution  via  a 
layer-by-layer  process. 

(b)  Above  p*  the  dealloying  rate  should  ini¬ 
tially  be  controlled  by  the  coarsening  rate.  For  a 
mixed  surface-volume  controlled  coarsening  process 
the  average  pore  size  increases  as  t®  so  that 


where,  1/4  <_  B  <  1/3.  As  the  porous  structure 
develops  the  current  will  become  limited  either  by 
mass  transport  in  the  electrolyte  or  IR  effects. 

Figures  1  and  2  show  current  transients 
obtained  on  scratching  a  Ago.6Au0.4  and  a 
A&0.7Au0.3  alloy  at  an  applied  potential  of 
1.0  V  (SCE).  Previous  work  at  Brookhaven  f4)  and 
that  of  Tlscher  and  Gerischer  [5]  indicate  that  the 
60T;  Ag  alloy  is  just  below  p*  for  this  system. 

This  alloy  (Fig.  1)  shows  a  rapid  current  decay 
which  returns  almost  to  the  base  current  level  with¬ 
in  200  ms.  The  707.  Ag  alloy  (Fig.  2)  shows  a  much 
slower  current  decay  consistant  with  substantial  de- 
alloying  from  the  bulk  alloy.  The  scratched  elec¬ 
trode  technique  provides  a  method  of  testing  the  new 
dealloying  model  through  analysis  of  dissolution 
current  transients. 
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Introduction 

Selective  dissolution  of  one  or  more  components 
from  an  alloy  (also  referred  to  as  "dea Moyinq”)  has 
been  observed  in  aqueous,  liquid  metal,  molten  salt, 
and  qaseous  environments.  In  many  of  these  cases, 
selective  dissolution  leads  to  the  formation  of  a 
"porous"  or  hiqhly  irreqular  surface  zone  on  the 
exposed  solid.  It  is  shown  that,  for  the  specific 
case  of  austenitic  stainless  steel  exposed  to  molten 
lead-lithium,  a  surface  destabi 1 ization  model  best 
describes  the  observed  corrosion  morpholoqy  and  the 
effect  of  cold  work  on  this  type  of  attack. 

Results  and  Discussion 

It  has  been  previously  reported  that  molten 
lead-lithium  is  quite  aqgressive  towards  ferrous 
alloys,  particularly  in  the  presence  of  a  thermal 
qradient.  With  austenitic  (Fe-Cr-Ni)  steels, 
exposure  to  Pb-17  at.  %  Li  under  an  imposed  temp¬ 
erature  qradient  causes  deep  irreqular  attack  as  a 
result  of  penetration  by  the  liquid  metal  (Fiq.  lj. 
Under  similar  exposure  conditions,  Fe-Cr-Mo  steels 
corrode  uniformly  (Fiq.  2).  Analysis  of  the  corro¬ 
sion  layers,  such  as  shown  in  Fiq.  1,  revealed  lead- 
filled  channels  penetratinq  deeply  into  the  steel. 

The  solid  in  this  corrosion  zone  is  depleted  in 
nickel  and  chromium  relative  to  the  startinq  com¬ 
position  of  the  type  316  stainless  steel  [65Fe,  17Cr, 
12Ni,  2Mo,  2Mn,  2Si,  0.08C,  (wt  %)].  The  averaqe 
postexposure  composition  in  this  reqion  is  86Fe-8Cr- 
4Ni-2Mo  (wt  %),  which  was  fairly  independent  of  expo¬ 
sure  time.  In  addition,  it  was  found  that  the  extent 
and  di rectionality  of  the  penetration  was  stronqlv 
influenced  by  the  rolling  direction  of  the  steel. 
Penetrations  were  deeper  and  tended  to  he  parallel  to 
the  rollinq  direction  (see  Fiq.  3}.  The  cold  work 
effectively  "biased"  the  penetration  process.  In 
contrast,  the  Fe-Cr-Mo  steel-liquid  metal  interface 
remains  planar  durinq  dissolution  (Fiq.  2)  and  no 
tendency  for  preferential  depletion  has  been 
detected. 

While  it  may  seem  as  thouqh  the  type  316 
stainless  steel  has  suffered  preferential  dissolution 
of  both  nickel  and  chromium,  the  depletion  of  these 
elements  arise  due  to  different  causes.  Nickel  is 
directly  dissolved,  while  the  loss  of  chromium  is 
most  probably  related  to  the  formation  of  a  lithium- 
chroniun-nitroqen  corrosion  product,*  which  is 
removed  durinq  exposure  or  durinq  specimen  cleaning. 
Chromium  and  iron  are  both  "noble"  with  respect  to 
nickel;  their  solubilities  in  lead-lithium  are  simi¬ 
lar,  but  much  lower  than  that  of  nickel. 

Preferential  dissolution  of  chromium  with  respect  to 
iron  is  therefore  not  expected  and  has  not  been 
observed  for  Fe-Cr  steels  (see  above). 

In  attemptinq  to  explain  the  observed  corrosive 
attack  of  the  Fe-Ni-Cr  steel,  the  most  simple  mecha¬ 
nism  would  be  that  of  localized  penetration  al^nq 
hiqhly  reactive  paths.  Recent  work*'  has  tre  -.ed 
selective  dissolution  (deallovinq)  of  Cu -In  .  nd  Cu-A) 
alloys  in  aqueous  environments  in  terns  of  a  Per¬ 
colation  model,  in  which  alloy  components  of 
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significantly  differinq  reactivity  can  lead  to 
selected  dissolution  and  porosity  if  extended, 
connected  paths  of  the  more  reactive  species  exist  in 
the  lattice.  The  probability  of  existence  of  a 
siqnificant  number  of  such  paths  is  a  direct  function 
of  the  concentration  of  the  reactive  element  and  can 
be  derived  within  the  formalism  of  percolation 
theory. h  Althouqh  this  mechanism  is  intuitively 
attractive,  simple  calculations  showed  an  insuf¬ 
ficient  concentration  of  reactive  (nickel)  atoms  to 
produce  the  connective  path  needed  to  qet  the 
observed  penetrati ons. 

Several  other  models  of  environmentally  induced 
"porosity'’  or  irreqular  corrosion  (includioq  redepo¬ 
sition  and  vacancy  aqqlomeration)  were  considered. 

It  was  found  that  the  surface  destabi 1 ization 
approach  of  Harrison  and  Waqner'  fits  the  experimen¬ 
tal  observations  quite  well.  In  such  a  process,  ini¬ 
tial  surface  perturbations  qrow  into  a  series  of  deep 
penetrations  under  conditions  where  one  element  is 
selectively  depleted.  While  Harrison  and  Wagner-' 
treated  this  process  for  liquid  metal  attack,  similar 
surface  instability  considerations  have  been  demon¬ 
strated  for  other  environments.  Examples  include 
oxide  scale  formation  on  ailoys  containing  elements 
of  siqni  f  icantly  differinq  nobility*3  or  volatiliza¬ 
tion  of  an  element  from  an  alloy.9  In  the  absence  of 
preferential  dissolution,  the  destabi 1 ization  model 
predicts  that  a  planar  liquid-solid  interface  would 
be  the  equilibrium  state.  This  prediction  agrees 
exactly  with  the  observations  of  the  contrasting 
corrosion  of  Fe-Cr-Ni  and  Fe-Cr  described  above. 
Furthermore,  the  qrowth  kinetics  predicted  by  this 
model  are  in  fairly  good  aqreement  with  measured 
values  of  the  penetration  depth  as  a  function  of 
time.  Final  W ,  such  a  mechanism  can  also  explain  the 
effect  of  cold  work  on  the  corrosion  morphology.  A 
cold-worked  surface  supplies  perturbat ions  that  can 
triqqer  the  destabi 1 i zation  and  subsequent  qrowth  of 
an  irregular  interface.  Grain  boundaries  or  slip 
linos  can  serve  as  such  perturbat ions  sites.  It 
therefore  appears  that  the  attack  of  Fe-Ni -Cr  st.eel 
by  liquid  lead-lithium  can  be  described  in  terns  of 
surface  instability  due  to  selective  dissolution  a*i 
the  associated  penetration  kinetics. 
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Fiq,  2.  Scanning  electron  micrograpn  of  ' 

polished  cross  section  of  Fe-12Cr-lMo  steel  exposed 
to  thermally  convective  lead-lithium  for  7027  h  at 

500<‘c•  p,g.  3,  Scanning  electron  micrographs  of 

polished  cross  section  of  type  316  stainless  steel 
exposed  to  thermally  convective  ’ead-lithium  for 
3886  h  at  500°C.  (a)  Rolling  direction  paralle,  to 

liquid-steel  interface,  (b)  Rolling  direction 
perpendicular  to  liquid-steel  interface. 
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Dealloying  has  often  been  cited  as  a  contributory  factor  in 
stress-corrosion  cracking  (SCC),  beginning  with  L.  Graf's  work 
in  the  1940s.  Recently  there  has  been  renewed  interest 
associated  with  the  film-induced  cleavage  model  of  SCC,  in 
which  nanoporous  dealloyed  layers  are  believed  to  be  very 
important  and  the  compositional  dependence  of  dealloying  has 
been  correlated  with  that  of  transgranular  SCC  (K.  Sieradzki 
and  R.C.  Newman,  J.  Phys.  Chem.  Sol.  48.  1101  (1987)].  Our 
recent  work  has  focussed  on  Cu-Zn,  Fe-(Cr)-Ni  and  Au-Ag 
alloys,  with  several  objectives: 

1.  To  understand  further  the  compositional  dependence  of 
dealloying. 

2.  To  analyze  thin  dealloyed  layers,  especially  on  Fe-Cr-Ni 
alloys. 

3.  To  understand  the  development  of  nanoporosity  in  the 
layers  by  a  combination  of  computer  simulation,  mechanical 
property  measurement  and  AC  impedance  spectroscopy. 

4.  To  examine  the  ability  of  dealloyed  layers,  formed  on 
unstressed  smooth  specimens,  to  nucleate  single  cleavage 
events. 

The  computer  simulations  are  described  in  another  paper  in  this 
symposium. 

In  austenitic  stainless  steels  we  find  that  dealloying  in  hot, 
acidified  LiCl  solution  produces  a  nickel-enriched  but  by  no 
means  pure  nickel  layer;  our  best  estimate  of  its  typical 
composition  is  Fe-30%N».  The  occurrence  of  dealloying  has 
been  correlated  with  SCC  to  a  limited  extent,  e.g.  at  90 PC 
dealloying  and  SCC  occur  on  304  and  316  steels  but  not  on  310 
steel,  while  at  136°C  or  at  90 °C  with  added  thiourea,  all  three 
steels  show  dealloying  and  SCC.  In  order  to  understand  the 
roies  of  chloride  and  nickel  enrichment,  we  have  carried  out  DC 
and  AC  electrochemical  studies  on  binary  Fe-Ni  alloys  (3%  and 
10%  Ni)  in  chloride  and  sulphate  solutions  at  pH  1  and  80 °C; 
the  results  show  evidence  for  dealloying  in  chloride  solution 
(tarnishing,  irreversible  polarization  curves,  impedance  spectra 
characteristic  of  porous  conducting  layers),  but  not  in  sulphate 
solution.  We  conclude  that  chloride  causes  dealloying  by 
affecting  the  partial  anodic  kinetics  and/or  surface  diffusivity  of 
the  alloy  components.  Impurities  such  as  N  or  P  may  enhance 
SCC  by  'pinning'  the  dealloyed  layer  in  its  nanoporous.  brittle 
state,  hindering  excessive  coarsening  by  surface  diffusion. 

Studies  of  12  (im  o-brass  foils  have  shown  that  unstable 
brittle  fracture  occurs  in  the  presence  of  a  deal'  /ed  layer  less 
than  100  nm  in  thickness,  thus  validating  the  film-induced 


cleavage  concept.  The  fracture  surfaces  show  cleavage  facets  of 
up  to  10  jun  in  length,  together  with  some  brittle  intergranular 
fracture.  The  embrittlement  is  most  easily  seen  when  the  foils 
are  stressed  in  the  cuprous  ammonia  test  solution,  but  is  also 
evident  after  rapid  freezing  in  liquid  nitrogen.  Washing  and/or 
drying  reverses  the  embrittlement,  probably  due  to  coarsening  of 
the  nanoporous  layer  when  the  environment  is  removed. 
Ammonia  (or  cuprous  ammonium  ions)  may  play  a  role  in 
pinning  the  surface  diffusion  process  responsible  for  the 
coarsening. 

Similar  studies  of  Au-Ag  alloys,  using  anodic  polarization  in 
perchloric  acid,  gave  less  convincing  evidence  for  transgranular 
film -induced  cleavage.  Instead,  brittle  intergranular  events  of 
remarkable  extent  (50  ^m)  were  observed,  and  again  the 
embrittlement  was  reversible.  One  conclusion  of  this  work  is 
that  intergranular  SCC,  in  systems  where  transgranular  SCC  r 
possible,  occurs  by  the  same  brittle  mechanism. 
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Analyses  of  stress-corrosion  cracking  are  fre¬ 
quently  based  on  the  slip  dissolution  model  or  other 
models  for  which  crack  advance  is  presumed  to  occur 
primarily  by  Faradaic  charge  transfer  due  to  bare- 
surface  dissolution  and/or  film  growth  at  a  crack 
tip. 1»2,3  Although  such  an  approach  may  adequately 
describe  intergranular  stress-corrosion  (1-SCC)^,  it 
fails  to  account  for  several  established  features 
of  transgranular  stress-corrosion  (T-SCC)  for  which 
crack  advance  appears  to  occur  primarily  by  a  process 
of  mechanical  cleavage . The  evidence  includes 
(a)  the  distinctive  "facet-step"  morphology  of  the 
fracture  surface,  (b)  the  crystallographic  uniqueness 
of  steps  and  facets,  (c)  the  exact  matching  of  oppos¬ 
ing  fracture  surfaces,  (d)  the  appearance  on  the 
fracture  surface  of  naturally  occuring  crack-arrest 
markings,  and  (e)  the  correlation  between  acoustic 
emission  and  crack  arrests  or  current  transients. 

Recently  we  have  shown  that  copper-gold  alloys 
containing  15,  25,  and  50  atomic  percent  g old,  when 
tested  in  aqueous  NaCl ,  FeCl3,  or  acid-sulfate  media, 
display  many  of  the  features  which  support  the  mech¬ 
anical  cleavage  hypothesis  of  T-SCC.  Copper- 

gold  alloys  in  these  media  have  been  selected  for 
study  because  they  present  an  attractive  model  sys¬ 
tem  with  which  to  isolate  posable  candidate  mechanisms 
of  T-SCC.  For  example,  our  studies  of  T-SCC  have 
been  carried  out  under  conditions  for  which  selective 
dissolution  of  copper,  or  deal  loving,  occurs;  where¬ 
as,  hydrogen  discharge  is  excluded  on  thermodynamic 
grounds . 1 5  Thus,  we  are  now  attempting  to  discover 
how  near-surface  dealloying  may  produce  conditions 
allowing  propagation  of  a  cleavage  crack  into  the  un- 
corrnded  alloy  matrix. 

In  the  present  work,  both  steady-state  and  trans¬ 
ient  dealloying  were  studied  for  single  crystals  of 
disordered  Cu-25  Au  in  aqueous  NaCl  and  FeCl  Using 
slow  strain-rate  conditions,  the  effect  of  dvnamic 
elastic  and  plastic  straining  as  we t 1  as  of  prior 
plastic  deformation  on  the  steady-state  selective 
e lectrodissolution  of  copper  was  measured.  Transient 
dealloying  was  measured  using  scratching  techniques 
and  was  also  observed  in  the  form  oi  current  pulses 
during  crack  propagation  ider  slow  strain-rate  de¬ 
formation.  In  both  cases  the  transient  currents 
decayed  relatively  rapidly  (~l  second)  and  showed  a 
similar  time-dependence  during  the  decay.  The  average 
crack  propagation  rate  was  determined  by  correlating 
th  time  intervals  between  pulses  with  crack  arrest 
markings  observed  on  the  fracture  surface  or  by  direct 
observation  of  the  propagating  crack  using  a  cathetn- 
meter.  An  attempt  is  made  to  interpret  the  rate  of 
crack  growth  from  the  measured  rates  of  deal  loving. 
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The  dissolution  in  alkali  of  aluminium  from  CuAl^. 
NiAlj  a"d  NijAl,  has  been  studied  at  temperatures  of 
from  274  to  380  K.  In  all  cases  the  aluminium  was 
eventually  dissolved  to  leave  a  residue  of  porous,  but 
essentially  pure,  noble  metal.  In  the  cases  of  CuAl^ 
and  N^Alj.  this  residue  remained  as  a  rim  around  a 
core  of  as-yet  unreacted  alloy,  and  the  external 
dimensions  of  the  sample  remained  unchanged  during 
reaction.  The  residue  of  NiAl-  dealloying  was 
initially  coherent  but  began  to  disintegrate  after  a 
thickness  of  about  200  was  reached,  and  was  lost 
from  the  sample. 

The  interface  between  dealloyed  rim  and  unreacted 
alloy  core  was  in  all  cases  sharply  defined.  As 
reaction  progressed  and  this  interface  moved  inwards, 
it  remained  parallel  to  the  external  surface  of  the 
rim.  The  raicrostructure  of  the  parent  alloy  was 
accurately  reproduced  in  the  dealloying  product: 
grain  or  dendrite  size,  shape  and  orientation  were 
preserved.  These  observations  are  interpreted  as 
evidence  that  the  reaction  mechanism  is  one  of 
selective  dissolution. 

Dealloying  kinetics  were  observed  by  measuring 
metallographically  the  thickness  of  the  leached  rim  as 
a  function  of  time.  The  CuAl^  and  Ni^Al^  reactions 
proceeded  according  to  parabolic  kinetics  whereas  the 
NiAl^  reaction  continued  at  a  constant,  rapid  rate. 
The  parabolic  kinetics  are  shown  to  be  consistent  with 
rate  control  by  diffusion  within  the  liquid- filled 
pores  of  the  dealloyed  rim.  Reaction  rates  for  N^Al^ 
dealloying  were  much  slower  than  for  CuA 1 „ .  and  were 
not  measurable  at  temperatures  below  about  340  K.  One 
factor  contributing  to  this  difference  in  rates  is  the 
difference  in  aluminium  activities  between  the  phases. 
The  linear  kinetics  found  for  NiAl^  dealloying  are 
consistent  with  the  fact  that  no  coherent  product 
accumulates,  and  the  liquid-phase  diffusion  path  is  of 
more-or-less  constant  length.  The  failure  of  the 
NiAl.  residue  to  form  a  coherent  structure  is 
attributed  to  its  high  pore  volume  fraction  of  0.81 
compared  to  values  of  0.74  and  0.60  for  CuAl^  and 
Ni^Al^  respectively. 

Detailed  morphologies  of  the  dealloying  reaction 
products  were  examined  using  gas  adsorption  to  measure 
surface  areas  and  pore  volumes,  mercury  intrusion 
porosimetry  to  determine  pore  size  distributions,  x- 
ray  diffraction  linp  broadening  to  estimate 
crystallite  sizes,  electron  probe  microanalysis  to 
measure  concentration  profiles  within  the  reacted 
rims,  and,  in  the  case  of  CuA 1 ^  residues,  direct 
transmission  electron  microscopy  to  view  the  copper 
structure . 

The  most  complete  set  of  information  is  available 
for  the  CuAlj  residue,  which  was  found  to  consist  of 
very  thin,  single  crystal,  copper  fibres  aligned  with 


their  average  direction  parallel  to  the  direction  of 
the  leaching  reaction.  At  any  given  depth  within  the 
product  rim.  the  cylindrical  fibres  were  remarkably 
uniform  in  diameter,  an  observation  borne  out  by  the 
narrow  pore  size  distributions.  The  average  fibre 
spacing  was  found  to  increase  with  depth  of  leaching 
at  the  same  temperature,  and,  for  a  given  depth  of 
leaching,  to  decrease  as  temperature  increased  The 
process  whereby  the  parent  CuAl  phase  is  transformed 
into  an  ordered  two-phase  product  fcopper  plus  liquid 
solution  of  aluminium)  is  considered  to  be  a  cellular 
phase  transformation  reaction  The  relationship 
between  fibre  spacing  and  reaction  rate  predicted  by 
this  model  was  verified  for  CuAl.,  dealloying.  Fibre 
spacings  are  rather  small,  ranging  from  about  40  ran  in 
a  residue  produced  at  274  K  up  to  about  110  un  after 
reaction  at  366  K.  Lateral  segregation  of  alloy 
const itutents  towards  the  advancing  copper  and  pore • 
liquid  phases  must  occur  at  or  near  the  reaction 
front,  over  distances  of  the  order  of  the  structure's 
spacing.  The  mechanism  of  segregation  was  found  to  be 
interfaciai  diffusion. 

The  copper  residues  have  high  surface  areas  which 
are  inherently  unstable  in  alkali,  because  the 
solubility  of  copper,  although  low.  is  not  zero.  In 
fact,  a  coarsening  of  the  structure  is  observed  to 
occur  at  a  rate  which  increases  with  temperature  and 
pH.  This  process  occurs  independently  of  the 
dealloying  reaction,  and  involves  slow  dissolution  and 
reprecipi -tation  of  the  copper  A  model  based  on 
Ostwald  ripening  has  been  developed  and  found  to 
describe  the  kinetics  of  this  process.  It  is  concluded 
that  CuAl.  dealloying  occurs  in  the  first  instance  by 
selective  dissolution,  but  that  the  residue's  final 
structure  is  modified  by  dissolution- reprecipitat ion. 

Morphological  development  during  Ni^Al^  dealloying 
is  a  more  complex  process,  and  occurs  in  at  least  two 
stages  Throughout  most  of  the  course  of  the 
reaction,  the  residue  consists  of  an  inner  layer 
containing  about  22  wt.%  Al ,  and  an  outer  layer 
containing  Al  levels  varying  from  12  to  24  wt.%.  This 
inner  layer  was  found  to  consist  of  two  phases,  Ni  and 
N i 2 Al ^ ;  the  outer  layer  was  more  fully  dealloyed,  but 
contained  considerable  amounts  of  reprecipitated 
A^O^.xH^O.  As  the  central  alloy  core  was  exhausted, 
the  aluminium  content  of  the  inner  layer  was  reduced 
to  near  zero  and  nickel  was  the  only  phase  remaining. 
The  outer  layer  converted  to  a  mixture  of  nickel  and 
amorphous  hydrated  alumina.  It  is  not  known  why  some 
of  the  parent  Ni^Al^  is  apparently  more  readilv  leach- 
able  than  the  remainder.  The  pore  structure  of  the 
residue  is  obscured  by  the  reprecipitated  alumina, 
However.  nickel  crystallite  sizes  were  very  small,  of 
approximate  order  10  run .  and  the  residue  morphology 
could  be  very  fine. 
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Numerous  binary  and  ternary  Pt  alloys  have  been 
investigated  as  potential  anode  and  cathode  electro¬ 
catalysts  for  use  in  fuel  cell  devices.  Various  theo¬ 
ries  have  been  suggested  to  explain  the  apparent 
enhancement  in  specific  electrocatalytic  reactions 
occurring  at  fuel  cell  electrodes  employing  these 
alloy  catalysts  as  compared  with  Pt-only  electrodes 
with  the  same  specific  precious  metal  loading.  These 
explanations  have  evoked  alterations  in  electronic 
character,1 *2  lattice  spacing  changes,3  and  spe¬ 
cific  surface  chemical  interactions  brought  about  by 
the  presence  of  the  secondary  alloy  component.* 
Investigations  of  several  of  these  alloys  (e.g.,  PtCr, 
PtCo)  have  demonstrated  that  a  major  reason  for  the 
apparent  enhancement  of  the  electrocatalytic  activity 
towards  the  oxygt.i  reduction  reaction  (o.r.r.)  is  a 
process  of  dealloying  that  can  generate  a  porous  metal 
network  of  high  surface  area.^  With  regard  to  the 
hydrogen  oxidation  reaction,  we  have  also  investigated 
a  bulk  alloy  (i.e.,  PtRu)  that  is  reported  to  possess 
superior  performance,  as  compared  to  bulk  Pt,  in  the 
presence  of  moderate  amounts  of  CO.  In  this  case,  an 
optimal  surface  dealloying  of  the  bulk  electrode  mate¬ 
rial  can  produce  a  surface  with  both  components  still 
present  but  not  with  the  bulk  stoichiometry.  At  such 
a  surface,  significant  variation  and  improvement  in 
the  electrocatalytic  activity  is  seen.  We  review  in 
this  presentation  results  of  in  situ  and  ex  situ  anal¬ 
ysis  of  bulk  alloy  samples  undergoing  dealloying  under 
potential  electrochemical  conditions  encountered  in  a 
fuel  cell  application.  We  will  describe  the  net 
effect  that  this  dealloying  can  have  on  the  intended 
electrocatalytic  reaction. 

The  in  situ  techniques  employed  include  electro¬ 
chemical  and  ellipsometric  methods.6  We  will  speci¬ 
fically  describe  how  the  dielectric  spectrum  of  a 
metal-deficient  surface  layer  can  be  evaluated  ellip- 
sometricaily  to  yield  information  on  the  thickness  of 
'-.he  dealloyed  layer,  the  volume  fraction  of  the  "metal 
skeleton"  in  the  dealloyed  surface,  and  the  degree  of 
interconnectedness  between  the  residual  metal  domains. 
Analysis  of  the  tical  results,  in  terms  of  effective 
medium  theory,  di-cinguishes  between  aggregate  random 
structures  and  well  interconnected  ("swiss- cheese") 
porous  structures. 

The  ex  situ  analysis  techniques  have  included 
x-ray  photoelec ► ion  spectroscopy,  sputter  profiling, 
low-energy  ion  surface  scattering,  and  Rutherford 
backscattering  spectroscopy.  This  particular  combina¬ 
tion  of  techniques  has  allowed  us  to  explicitly  char¬ 
acterize  the  surface  and  near-surface  region  of  these 
alloys  for  the  distribution  of  the  chemical  constitu¬ 
ents.  The  results  of  such  an  analysis,  coupled  with 
conventional  electrochemical  techniques,  have  allowed 
us  to  define  potential  domains  in  which  dealloying 
occurs . 

The  impact  of  dealloying  on  the  apparent  electro¬ 
catalytic  activity  will  be  demonstrated  for  the  cases 
mentioned  above.  For  the  Pt  alloys  used  for  the 
o.r.r.,  it  will  be  shown  that  the  enhancement  in 
activity  is  largely  due  to  an  increase  in  effective 
Pt  surface  area  following  the  process  of  dealloying, 
thereby  yielding  larger  catalytic  currents  per  unit 
geometric  area.  The  beneficial  effects  of  superficial 
dealloying  of  the  outermost  surface  layer  of  the  PtRu 
electrode  will  be  described  in  terms  of  the  complex 
interfacial  chemistry  occurring  when  the  hydrogen 
oxidation  reaction  is  run  in  the  presence  of  moderate 
amounts  of  CO  (1%). 
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Alloys  from  the  silver-palladium  system 
find  applications  as  dental  materials.  Due  to 
oral  environmental  exposures,  surface  layers 
of  the  alloy  become  dealloyed  via  tarnishing 
and  corrosion  reactions.  The  purpose  of  this 
project  was  to  obtain  the  compositions  of  the 
top-most  surface  layers  of  a  Ag-Pd  alloy  in  a 
number  of  surface  conditions  which  simulated 
tarnish  and  corrosion  lilely  occurring  intra- 
orally.  changes  in  composition  with  film 
thickness  were  also  of  interest . 

Experimental 

An  alloy  (Albacast)  containing  by  weight 
70%  Ag,  25%  Pd.  and  5%  In,  Cu ,  and  Zn  was 
used.  The  12  x  18  mm  x  2  mm  thick  samples 
were  polished  on  one  face  to  a  l  pm  alumina 
finish,  ultrasonically  soaked  in  detergent, 
in  deionized  water,  and  finally  in  acetone. 
Several  as-polished  samples  were  treated  in  a 
Harrick  glow  discharge  unit  with  argon.  Other 
as -polished  samples  were  tarnished  for  2A  hrs 
with  a  rotating  wheel  apparatus,  by  exposing 
the  samples  to  artificial  saliva  for  IS  sec 
and  to  air  for  AS  sec  per  revolution  <1  rpm). 
Other  samples  were  corroded  in  artificial 
saliva  by  potent iostatically  holding  at  0.17 
v  (SCE)  until  cathodic  currents  ensued.  This 
required  the  passage  of  A7  me  of  anodic 
charge  (fig.  2).  The  artificial  saliva  was 
composed  (wt  %)  of  0.0A  NaCl,  0 . 0A  KCl ,  0.05 
CaCl*,  0.002  Na,S.  0  07  NaH^PO.  H,0  and  0  1 
urea.  The  near  surfaces  ( s  top  100  A)  in  ail 
four  conditions  were  analyzed  for  ejected 
photoelectrons  by  ESCA  techniques.  Survey 
scans  were  first  obtained  followed  by  high 
resolution  scans  at  particular  binding 
energies.  Some  of  these  included  the  C(ls). 
Ofls).  Cl ( 2p ) ,  Pd  <  3d ) ,  P(2p),  S(2P),  Cu(2p). 
Zn(2p),  and  Si(2p).  Compositions  were 
estimated  from  the  survey  data  by  dividing 
the  integrated  peak  areas  (1PA)  by  the  atomic 
sensitivity  factors  (ASF)  and  normalized 
with  the  summated  IPA/ASF  from  all  elements 
present  The  high  resolution  spectra  were 
curve-fitted  to  resolve  the  presence  of 
multiple  energy  states.  Depth  profiling  was 
performed  on  the  corroded  sample  by  obtaining 
high  resolution  data  for  C(ls>.  O(ls), 
ci(2p),  Pd ( 3d ) ,  S(2p>.  cu(2p),  Ag ( 3d ) ,  and 
In(3d5)  with  sputtering  time. 

Resu Its  and  Discussion 

Figure  l  shows  the  cyclic  voltammetry  of 
Ag-Pd  alloy.  A  passive  region  with  a  current 
density  (1/A)  of  about  luA/cma  occurred  from 
corrosion  potential  (~  -0.3  V)  to  +0  17  V. 
where  I /A  increased  tc  about  8  x  10*-  uA/cm* 
Beyond  *0  32  V  further  increases  in  I /A 
occurred  by  about  1  order  in  magnitude.  The 
reversal  cycle  shows  one  large  reduction  peak 
at  0  V.  Figure  2  shows  a  charge  vs  time  plot 
for  the  alloy  held  at  +0.17  V.  Corrosion 
ceased  at  17  hrs  (dc/dt  =  0) . 

Table  l  presents  the  compositions  within 
the  top  100  A  of  alloy  in  all  four  states. 


TABLE  1  (atomic  %) 


Sample 

C 

N 

O 

K  Na  Si 

P  S 

Cl 

as-pol 

50 

1 . 3 

26 

-  0 .A  A  .  8 

- 

1 . 3 

AGD 

26 

3.0 

A2 

3.5 

-  1.8 

1  -6 

tarn 

A7 

1  .A 

30 

1.6- 

3.7  4.7 

- 

corr 

30 

- 

16 

- 

-  19 

- 

TABLE  Hcon't) 

Sample  Cu _ zn  Pd  Ag  In  _l 

as-pol  -  -  3 . S  12  0.6 

AGD  -  3.8  3.9  13  0.7 

tarn  1.5  -  1.0  8.2  -  0.2 

corr  _ - _ 2.2  25  ; 

The  AGD  reduced  the  C  level  by  about  1/2 
from  that  on  as-pol  surface,  increased  N  and 
O,  and  had  little  effect  upon  Si,  Cl,  Pd.  Ag . 
&  In.  Zinc  was  detected  on  only  the  AGO 
surface,  while  Na  was  detected  on  only  the 
as-pol  surface.  The  tarnished  and  corroded 
surface  treatments  generated  moderate  to  high 
levels  of  S,  A. 7,  and  19  at  %,  respectively . 
and  reduced  levels  of  Pd.  Only  the  corroded 
treatment  generated  higher  levels  of  Ag  and 
reduced  levels  of  C  and  0.  On  the  tarnished 
treated  surface  F,  P,  Cu ,  4  I  were  detected. 

The  high  resolution  peak  assignments  were 
c,  as  C-R  ( R=C ,  H).  Qz  as  C-OR.  C3  as  0=C-0K, 
O,  as  C=0,  MeOH.  02  as  C-O-R,  Cl  as  Cl".  Pd, 
as  elemental  Pd  (for  as-pol  and  AGD),  Pd3  as 
Pd  oxide  (for  tarn  and  corr),  P  as  P  oxide, 

S,  as  elemental  S,  S'  (  for  tarn  and  corr), 

S=  as  SO„(x=3.  A)  (for  AGD),  Cu  as  elemental 
Cu ,  Cu  oxide,  Zn  as  Zn  oxide,  and  Si  as 
silicone,  silicates.  Figure  3  shows  the 
composition  of  corroded  alloy  with  thickness. 

The  film  formed  on  the  corroded  surface 
contained  a  near  surface  layer  enriched  in  Ag 
S,  and  C.  Palladium  and  O  levels  increased 
with  film  thickness.  Low  levels  of  In 
occurred  throughout  film.  No  Cl,  or  Cu  were 
detected  wi*u'  ^'im. 
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The  elect  ochemicel  and  corrosion 
behavior  of  aluminum  alloys  in  aqueous  media 
are  often  controlled  by  dealloy.ng  processes 
i’itirh  alter  the  passivating  properties  of  the 
surface  oxide.  Deal  loving  can  occur  readily 
b  •'  selective  dissolution  of  the  more  active 
aluminum  and  enrichment  of  s i gn i f i can t 1 y  more 
noble  a  I  1  o  / 1  ng  elements  at  the  surface.  The 
P  =»per  gives  a  '“w  case  examples,  in  which  the 
•iealloying  of  Al-base  sr  1  id  solution  allo/s 
and  :  r.ter  met  a  1  1  i  c  compounds  is  an  important 
■factor  i  r.  attaining  either  corrosion 
resistant  or  active  surfaces  depending  on  the 
appl iration. 


Etching 

Caustic  etching  of  aluminum  allo/s  is  a 
frequently  employed  surface  cleaning 
technique  prior  to  corrosion  testing  and 
various  surface  treatment  processes.  Caustic 
etching  often  deteriorates  the  corrosion 
resistance  of  the  a  / Jo/  (l).  It  is  shown 
this  is  caused  bv  the  d»al lo/ing  of  iron 
containing  i  nter  metal  l  i  •“  compounds  and 
formation  of  a  highly  porous  and  i " o  n  rich 
I  a  ,'p.r  wt>  irh  ratal/  res  t  he  r  a  t  hod  i  r  *  ear  ♦  i  on 
rate,  ptrhi  ng  ,  howev  ®r  ,  l  mpr  o  .  es  t  t,  & 
c  r-  r  n  s  i  o  r.  resistance  of  A  !  M  r.  alln/s,  .  r,  whirl, 
manganese  *  c.  present  both  :r.  solid  =olnt  km. 
ii  *h  *  t,e  matri  and  in  the  i  r.ter  mete  l  1  i  c 
ccripourds.  As  a  result  o*  e  poS'<re  t  p  a 
caustic  solution.  Nr,  is  e  r,  r  i  c  v,  e  d  at  t  h  e 
s  i  •  r  *  e c  e  of  both  phases.  When  the  *•  r  <=•  a  f  e  d 
a  l  In,-  <  s  subsequent  1  /  &  posed  t  o  a  i  i  a  1 

chloride  e  n  •/  i  r  on  me  n  t  ,  the  surface  e  -  h  i  h  i  t  s  a 
more  passi  /  e  behavior  with  improved  p  i  ♦  t  i  r,  3 
resistance  and  reduced  cathodic  react  10  r, 
retd,  Allri/ing  a  )  ■.  m  1  r  1 1 1  Tft  with  m  a  n  •-)  1  r,  o  s  e  is 
I  r.  own  to  irnprcive  the  r  nr  r  os  1  on  r-aei  stance  ■  n 
grr-ora'  *2'  t>ec  a  -  •  se  similar  d  ea  l  1  o  / 1  r,g 
phenomena  n"r.ir  at  var  ,■  1  r.q  rates  also  i  r, 

-i  e  1 1  t  r  a  I  ar,d  a  r  id  environments. 


Active  Anodes 


T*-e  p r  oper  tie-,  sough  t  i  n  de  ve  2  op  i  ng 
a  1  » ’  -  a  i  n  1 1  m  a  o  d  e  S  for  t  hi?  a  1  L-a  i  1  n  e  A  1  'air 
batter.-  i  n  r  1  •  ■  d  e  high  current  output,  nigh 
rurrent  @<*  ir  i«ic  and  a  negati/e  potential. 

1  <*.a  1  |  ovPd  a  1  "rn  i  n«jm  i  s  t  ao  pass  i  ve  ,  and  t  he 
presence  nf  iron  at  coricer,  •vat.  ions  as  low  as 
a  few  ppm  is  effective  i n  reducing  the 
currert  o(|  iri&nr  /  ,  Super-pure  (  :  99.  <^9  %  ) 

a  1  u  M  t  n '  *  m  a  1  I  r  ..  e  d  with,  e  .  g  .  ,  t  ir  s  c-  -  i  s  f  i  e  s 
t  he  st  af  ed  r  equ  l  r  ernen  t.s  ;  4  )  .  D  i  sso  l  ut  i  on  o* 
the  anode  occurs  b  '  t  he  continuous  format  i  n 
and  destruction  of  numerous  d  e  a  1  l o  y  e  d  sites, 
where  the  presence  of  me t a  1  1  i r  tin  activates 
the  surface  locally.  At  the  some  time  the 
h.d*-r>gen  evolution  reaction  is  kept  at  a  low 
rate,  resulting  in  high  current  e  f  *  1  c  i  e  r .  c  i  e  s  . 
berause  tin  has  a  high  h/droger,  over  - 
potent  l 3 1  .  These  effects  are  obtained  on!/  .f 
tin  is  i  n  so  lid  so  I  "  t  i  nr, .  Howe  vs  r  ,  the 
s  o  1  i  d  -  s  c- 1  •  1 1  i  o  r.  so  1  >j  b  ;  1  i  t  /  o*  t.  i  n  in  aluminum 
is  1  i  i  i  t ed  to  0.1  % .  which  is  too  low  to  gi.e 
the  desired  properties  to  impure  aluminum 
containing  a  few  hundred  ppm  of  iron. 
Manganese,  with  solid  solution  solubility  in 
a 'urn  in  urn  e- reeding  1  *4 ,  is  shown  to  be  a 
possible  alternative  for  t  tie  less  pure 
a  1  1  o  /s 


The  mecher.  i  cw  of  aluminum  t.  a  i .  s  p  n  r  t 
through  the  activated  site  is  ,et  * o  be 
c  1  ar  l  f  i  ed  .  The  f  ac  t  t  hat  a  hi  gt.  me  l  t  i  ng  •  po  i  n  * 

rnetal  1  i  l  e  ma r. ga  r- ese  ran  ac  t  i  v a  t  e  a  1  um  s  n urn 

rules  out  the  h  p  o  ♦  h  e  s  1  s  that  t.  h  e  iransport 

or furs  through  a  surface  alio  which  is 
maintained  at  the  liquid  state  by  heat 

ge,, i  a  ♦  l  on  at  tl-,o  interface  ,  4  ,  *■  l  .  A  =i..|  tact 
diffusion  enhanced  mechanism  appears  to  t  e 
more  1  ;  !  e 1  •  for  the  present  case. 
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Dec.  lining  of  i  •  on  c  nr  ♦  a  i  r.  i  r,  g  pa «  ♦  i  c  1  es 
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One  of  the  Bureau  of  Mines  research  goals  is  to 
minimize  the  requirement  for  domestically  scarce 
minerals  through  substitution.  Concern  for 
critical  elements,  such  as  chromium,  has  generated 
renewed  interest  in  Fe-Mn-Al-Si  alloys  as 
substitutes  for  stainless  steels. 

In  this  research  on  the  corrosion  behavior, 
phase  transformation  and  dealloying  of  Fe-30Mn-Si- 
Al  alloys  were  investigated.  Experimental  alloy.-, 
were  prepared  by  arc-melting  high-purity  materials 
into  100  g  buttons  or  2.5  kg  ingots.  These  buttons 
and  ingots  were  homogenized  for  20  hours  at  1,200' 
C  and  then  hot  rolled.  Nominal  alloy  compositions 
are  presented  in  table  1. 

TABLE  1.  -  Nominal  alloy  compositions 
( Fe  based) . 


Mn 

Al 

Si 

A 

30 

6 

B 

30 

1  3 

3 

C 

29 

2 

4 

D 

30 

6 

E 

30 

10 

F 

20 

4.5 

Figure  1  shows  the  oxidation  kinetics  of  alloys 
at  700°  C  with  thermal  cyclings.  The  oxidation 
rates  increased  with  higher  Mn  and  Si  content,  in 
the  alloys.  Alloy  A  had  oxide  spalling  after  the 
second  thermal  cycle.  Alloys  B  and  C  had  similar 
weight  gains.  Alloys  D,  E,  and  F  formed  a 
transformed  metallic  layer  on  the  base  metal 
surface  during  oxidation.  The  formation  of  this 
transformed  layer  was  due  to  the  removal  of  Mn  in 
th.!  a"  loy  by  the  selective  oxidation  of  Mn  during 
the  cxidation  reaction. 

Figure  2  shows  the  Mn  and  Si  concentration 
profiles  of  alloy  D  when  cross  -  sec t Loned  after  B 
hours  of  oxidation  at  800°  C.  The  depletion  of  Mn 
near  the  surface  promoted  a  local  increase  of  Si 
content  more  than  50  pet  from  the  base  composition 
This  phenomena  was  applied  to  increase  the  surface 
laver  concentration  of  Si  in  the  Fe-30Mn-10Si  alloy 
so  that  this  f^rmable  alloy  can  be  used  in  some 
applications.  Conventionally,  alloys  which  have 
high  Si  content  can  only  be  made  by  casting. 

Figure  3  shows  an  anodic  polarization  curve  for 
the  Fe-30Mn-10Sl  alloy  IN  HaS04  after  hot  rolling 

and  an  oxidation  treatment  of  2  hours  at  900“  C  in 
solution.  The  plot  for  AISI  430  SS  is  also 
included  for  comparison. 

The  polarization  plot  for  the  Fe-30Mn-10Si  alloy 
is  similar  to  that  reported  for  the  binary  Fe-l*>Si 
alloy  under  the  same  conditions.  These  results 
indicate  that  the  transformed  layer  formed  in  Fe- 
30Mn-10Sl  alloy  has  a  corrosion  resistance  similar 
to  those  of  the  re-15Si  binary  alloy  and  the 
conventional  stainless  steels. 


Figure  1.  -  Oxidation  kinetics  of  allovs  at 
700'  C. 
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Figure  7.  Mn  and  Si  concent  rat i on  profiles 
of  alloy  D  after  8  h  of  oxidation  at  800 r  r 
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Figure  3.  •  Anodic  polarisation  cuia.-s  for 
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ANODIC  POLARIZATION  BEHAVIOR  OF  TUNGSTEN 
ALLOYS  IN  3.5%  NaCl  SOLUTION 

K.  L.  Vasanth,  C.  M.  Dacres,  R.  Conrad 
and  M.  Fernandez 
Naval  Surface  Warfare  Center 
10901  New  Hampshire  Avenue 
Silver  Spring,  MD-20903-5000 

High  density  tungsten  alloys  are  in 
great  demand  for  various  applications. 
Andrew,  et  al  (1)  reported  that  a  90 
W-7.5  Ni-2.5  Co  alloy  readily  corrodes 
when  exposed  to  air  saturated  with  water 
vapor.  Koger  (2)  observed  that  the  cor¬ 
rosion  rate  for  tungsten-3.5  Ni— 1.5  iron 
alloy  increased  as  a  function  of  pH. 
Vasanth  and  Dacres  (3,4)  reported  the 
polarization  resistance  behavior  in  3.5% 
NaCl  and  Scanning  Electron  Micrographs 
(SEM)  of  corroded  tungsten  alloys,  and 
showed  that  Ni-Fe-W  matrix  alloy  preci¬ 
pitated  between  tungsten  particles  cor¬ 
roded.  The  present  paper  reports  the 
anodic  polarization  behavior  in  3.5% 
NaCl  and  the  field  performance  of  5 
tungsten  alloys  exposed  to  natural  sea 
water  and  marine  atmosphere. 


The  compositions  of  sintered  tungsten 
alloys  considered  here,  were  determined 
by  Energy  Dispersive  X-ray  Analysis 
(EDAX)  and  are  given  in  Table  1.  Typical 
microstructure  of  these  alloys  consisted 
of  rounded  tungsten  particles  surrounded 
by  a  matrix  alloy  of  Fe-Ni-W. 

1.2  cm  diameter  discs  mounted  in 
epoxy  were  wet  polished  with  320  A,  400 
A  and  600  A  silicon  carbide,  rinsed  with 
distilled  water,  air  dried  and  immedi¬ 
ately  put  into  corrosion  cell  containing 
3.5%  NaCl.  The  NaCl  solution  was  kept 
aerated. 

Anodic  polarization  scans  for  each 
tungsten  alloy  were  run  after  allowing 
the  system  to  equilibrate  for  an  hour  by 
which  time  the  open  circuit  potential 
was  almost  constant.  The  potential  was 
varied  from  the  open  circuit  potential 
to  +2.5V  versus  standard  calomel  elec¬ 
trode  (SCE)  and  the  change  in  current 
monitored.  A  scan  rate  of  0.5  mv/sec  was 
used.  The  anodic  polarization  curves 
obtained  for  three  tungsten  alloys  are 
given  in  Figure  1.  Alloys  showed  acti¬ 
ve-passive  transitions  indicating  some 
degree  of  corrosion.  Four  distinct  knees 
were  observed  on  each  polarization 
curve.  Koger  (2)  reported  the  presence 
of  three  distinct  knees  for  W-3.5  Ni-1.5 
Fe  alloy  when  studied  in  0.1M  NaCl  at  pH 
4.  It  has  been  observed  that  tungsten 
remains  passive  above  +2 . 5V  versus  SCE. 
Examination  of  samples  after  anodic 
polarization  scans  indicated  that  S2  and 
K1  had  very  few  shallow  pits  while  SI 
and  T1  showed  a  high  density  of  similar 
pits. 


Tungsten  alloys  were  subjected  to 
three  types  of  field  tests  -  a)  continu¬ 
ous  immersion  in  natural  sea  water,  b) 
alternate  immersion  in  natural  sea  water 
and  c)  marine  atmospheric  exposure. 
These  tests  are  still  on-going  after  14 
months,  at  the  NSWC  Corrosion  test  site. 
Ft.  Lauderdale,  Florida.  Weight-loss 
data  from  continuous  immersion  test 
were  used  to  calculate  corrosion 
rate  in  mils  per  year  (MPY) .  A  plot  of 
corrosion  rate  in  MPY  versus  time  of 
immersion  in  months  is  given  in  Figure 

2.  At  the  end  of  12  months,  T2  had  a 
corrosion  rate  of  1.5  MPY  (highest) 
while  SI  or  S2  had  about  0.6  MPY  (low¬ 
est)  . 

Samples  exposed  to  alternate  sea 
water  immersion  and  marine  atmospheric 
exposure  field  tests  did  not  show  any 
noticeable  degradation  and  weight-loss. 

A  visual  observation  of  alloy 
samples  from  continuous  sea  water  immer¬ 
sion  test  showed  that  alloys  SI  and  S2 
exhibited  preferential  corrosion  and  the 
rest  corroded  uniformly  over  their 
surface. 

Summary 

1.  Corrosion  rates  of  tungsten 
alloys  tested  were  under  2  MPY. 

2.  Sea  water  immersion  studies  indi¬ 
cated  that  alloy  T2  had  the  highest  cor¬ 
rosion  rate  (  1.5  MPY)  and  SI  and  S2  the 
least  (  0.6  MPY) . 

3.  Visual  and  SEM  examination 

indicated  that  alloys  SI  and  S2 
showed  localized  corrosion. 

4.  After  anodic  polarization  only 

few  shallow  pits  were  seen  in  S2  and  Kl, 
and  a  high  density  of  such  pits  in  SI 
and  Tl. 
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Table  1 

Composition  of  Tungsten  Alloys  by  EDAX 
Weight  % 


Alloy 

Tungsten 

Iron 

Nickel 

K1 

98.5 

0.6 

0.9 

S2 

98.3 

0.6 

1.1 

SI 

94.8 

1.9 

3.4 

Tl 

94.5 

1.8 

3.8 

T2 

93.5 

1.9 

4.6 

Figure  1.  Anodic  Polarization  curves 
for  3  Tungsten  Alloys. 
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Figure  2.  Corrosion  Rate  of  Tungsten 

Alloys  in  Natural  Sea  Water. 
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The  electrochemical  behaviour  of  freshly 
generated  brass  surfaces  in  aqueous 
solutions  reveals  a  range  of  complex 
phenomena  associated  with  oxidation  of  both 
copper  and  zinc  components.  These  phenomena 
are  difficult  to  resolve  into  individual 
reactions  of  the  individual  components.  By 
examination  of  the  potential  range  defined 
between  the  limits  of  equilibration  of  zinc 
with  the  solution  and  that  of  copper 
equilibration  with  the  solution  however,  the 
behaviour  of  zinc  in  the  brass  matrix  can  be 
explored.  The  processes  described  in  this 
paper  relate  to  this  regime. 

Copper  and  brass  electrodes  were  separate] y 
examined  in  solution  using  the 
pctcntiostaticaily  controlled  scratched 
rotating  disc  electrode;  in  this  technique  a 
small  scratch  is  generated  in  the  disc 
surface  in  situ  in  -0.7ms  and  the  consequent 
current  transient  is  recorded.  Current 
transients  measured  for  freshly  generated 
copper  and  70/30  a-brass  surfaces  in  1 . OM 
KOH  at  the  same  electrode  potential  are 
shown  in  Fig.  1.  Two  features  are  to  be 
observed.  First,  the  potential  of 
-0.505V(she)  is  below  the  potential  at  which 
copper  equilibrates  with  its  bulk  oxide 
(Cu~0)  at  pH  14  (E  =  -0 . 356V ( she) ;  despite 
thi£,  the  new  copp£r  surface  gives  rise  to 
an  anodic  current  transient  which  decays. 
Second,  the  freshly  generated  brass  surface 
also  produces  an  anodic  current  transient 
which  is  larger  in  magnitude  than  that  on 
copper,  and  takes  longer  to  decay.  Similar 
measurements  have  been  made  over  a  range  of 
potential  in  a  number  of  electrolytes;  all 
show  that  copper  is  anodically  active  at  an 
underpotential  with  respect  to  equilibration 
with  the  bulk  oxide  and  that  brass,  also 
anodically  active,  produces  a  significantly 
larger  current  density,  decaying  over  a 
significantly  longer  period. 

Kinetic  analysis  of  such  transients  produced 
on  copper  demonstrate  that  the  currents 
emanating  from  the  scratch  arise  from 
formation  of  a  single  monolayer  of  oxide,- 
integration  of  such  transients  produces  a 
charge  density  of  -0.2mC  cm"  ,  estimated  to 
be  the  charge  associated  with  a  single 
monolayer  of  CuOH  (or  Cu^O) ,  independent  of 
potential  and  pH.  No  further  reaction  of 
copper  at  these  low  potentials  has  been 
detected. 

The  excess  current  detected  for  brass 
surfaces  must  arise  from  anodic  oxidation  of 
zinc  which  lies  at  an  anodic  overpotential. 
Integration  of  the  excess  current  with 
tespect  ^o  time  reveals  substantially  larger 
charge  densities,  up  to  -2mC  cm  after  Is 


of  reaction  dependent  upon  pH.  such  excess 
charge  cannot  arise  from  oxidation  of  zinc 
from  the  metal  surface  alone;  rather,  the 
zinc  emerges  from  depths  of  many  atom  layers 
within  the  electrode.  The  process  is 
modelled  by  allowing  the  rate  of  decay  of 
the  current  transient  to  be  controlled  by 
-..n-  accelerated  non-steady  state  diffusion 
of  zinc  to  the  free  metal  surface  at  which 
it  reacts.  The  origins  of  such  modelling 
lie  in  the  potential  independence  of  the 
rate  of  reactions  of  zinc  from  the  brass 
matrix,  both  in  alkaline  and  in  acidic 
solutions.  The  data  presented  reveal  a 
diffusion  coefficient  some  ten  orders  of 
magnitude  higher  than  the  coefficient  for 
zinc  in  bulk  brass.  Such  enormous 
acceleration  arises  from  the  vacancies 
generated  in  the  metal  lattice  by  the 
dezincif ication  process  itself. 

Quantitative  computer  modelling  is  presented 
showing  agreement  with  experimental  data. 


1 1  ms  ) 


Fig.  1  Current  transients  on  freshly 

generated  copper  and  70/30  a-brass 
surfaces  measured  under  identical 
conditions  below  the  Cu/Cu~0 
equilibrium  potential. 

Electrolyte  =  1 . 0M  KOH. 

E  =  -0 . 505V( she ) 
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THE  INITIAL  STAGE  OF 
ATMOSPHERIC  CORROSION 
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INTRODUCTION 

Electrochemical  corrosion  processes  in  thin  films 
o<  electrolyte  and  condensed  moisture  layers  are  not 
nell  understood.  While  the  science  and  technology  of 
outdoor  atmospheric  corrosion  are  fairly  well 
established  on  a  macroscale,  the  understand  ng  of 
indoor  atmospheric  corrosion  requires  a  knowledge  of 
processes  on  the  microscale. 

The  objective  of  this  research  is  to  understand 
the  initial  stage  of  atmospheric  corrosion. 
Eel ectr ochemi cal  science  can  oe  extended  to  the  unique 
microcell  corrosion  geometries  during  the  initial 
corrosion  stage.  The  role  of  tiny  clusters  of  water 
(50  nm  radius)  on  the  corrosion  process  has  not  been 
widely  recognized  and  is  a  principal  component  of  this 
study.  Payer  and  Chawla  relate  the  presence  of  water 
clusters  to  the  severe  corrosion  observed  in  the  early 
stages  of  condensation  (1).  It  is  believed  that  this 
extension  to  traditional  views  will  more  satisfactorily 
describe  observed  behavior.  This  has  strong 

implications  regarding  the  under  standi ng  of  strategies 
to  control  microcell  corrosion  and  metnods  to  momto'- 
atmospher i c  corrosion  both  indoors  and  outdoors. 

experimental 

The  early  stage  of  atmospheric  corrosion  is 
studied  by  the  determi nat i on  of  surface  chemical 
c  ompos l ton  and  surface  structure  before  and  after 
exposure  to  corrosive  environments.  Copper  and  silver 
were  selected  for  the  initial  experiments  because  of 
the  wealth  d<  data  available  on  their  atmospheric 
corrosion  behavior.  The  metal  specimens  are  exposed  to 
atmospheric  conditions  with  controlled  relative 
humidity  and  mixed  gas  composition.  Subsequent  to 
exposure  the  distribution,  morphology  and  chemistry  of 
the  corrosion  process  are  determined  by  TEN,  XPS,  AES 
and  SEM/EDAX. 

RESULTS  AND  DISCUSSION 

An  important  aspect  of  this  study  is  the 
Characterization  of  the  morphology  of  corrosive  damage. 
This  is  critical  for  any  attempt  to  corroborate  model 
predictions  of  corrosion  rates,  because  the  morphology 
of  attack  is  related  to  the  amount  of  damage  at  any 
instant.  This  forms  a  phenomenological  basis  for  the 
model  and  a  data  base  to  test  the  model's  predictions. 

Preliminary  results  from  our  laboratory  show  the 
morphology  of  corrosion  of  copper  exposed  to  a  70V. 
relative  humidity  with  sulfur  dioxide.  Figure  l  is  a 
TEN  micrograph  of  microcell  corrosion  sites  on  a  copper 
foil.  The  size,  shape  and  distribution  of  microcell 
corrosion  sites  are  evident  from  the  corrosion  damage. 
The  initial  sites  of  microcell  corrosion  are 
documented  as  well  as  their  growth  with  respect  to 
shape  and  size  as  a  function  of  exposure  time  and  the 
environment . 


Clustering  of  water  molecules  at  sub  monolayer 
coverage  leads  to  the  accumulation  of  significant  local 
surface  volumes  of  water  where  the  properties  of 
adsorbed  water  approach  that  of  bulk  water.  This 
i nh?-ogeneous  ademption  o<  water  from  the  atmosphere 
presents  the  condition  for  initiation  of  microcell 
corrosion.  This  has  not  been  widely  recognized  in  the 
existing  models  of  atmospheric  corrosion. 

The  concept  of  a  critical  relative  humidity  is 
well  established  <21.  Furthermore,  it  is  clear  that 
tnis  value  is  a  function  of  gas  composition  >3), 
particles  on  the  metal  surface  (4)  and  surface 
i  r  r  egu’.  ar  1 1 1  es  <5).  The  distribution  and  form  of  water 
on  the  surface  is  also  critical. 

Water  does  not  adsorb  as  a  uniform  film  on  the 
surface  but  rather  as  water  clusters  1 1» i  (71.  Cur  view 
o*  the  of  adsorption  of  water  are  shown 

schematically  in  Figure  2.  The  first  water  forms  a" 
oxyhydroxide  la>c.  of  the  metal.  Higher  relative 
humidity  results  in  the  formation  of  water  clusters, 
and  still  higher  relative  humidities  result  i«  a 
continuous  moisture  film. 

Rice  et.  al.  (B,9)  related  the  morohology  s' 
corrosion  observed  on  thin  f  d i 1 s  of  metal  to  the 
presence  of  water  clusters  on  the  surface.  *hetr 
calculations  determined  a  circular  cap  c on f i gUr at i on 
for  the  clusters  with  a  radius  of  50  nm  and  a  cap 
height  of  ! 7 . 5  nm. 

Water  clusters  can  effectively  scavenge 
atmospheric  pollutants  thereby  attaining  high  ionic 
concentr at i ons  and  exhibiting  increased  conductivity. 
Under  such  conditions,  local  mi c r ocor r osi on  ceils  can 
be  set  up  on  the  metal  surface.  The  condensate  cluster 
provides  an  ionic  conduction  path  between  anodic  and 
cathodic  regions  within  the  m i c r oc or r cs l on  cel..  Tne 
chemistry  of  the  electrolyte  in  these  condensate 

dusters  and  its  re!  ationship  with  the  nature  and 
concentration  of  atmospheric  gases  is  critically 

l mpor t  ant , 

A  theoretical  development  of  ‘ondensate  cluster 
Chemistry  has  been  attempted  by  several  researchers 

t 1 0 )  <ll>.  All  such  models  implicitly  use 

thermodynamic  equilibrium  criteria  of  equating  the 
chemical  potentials  of  gaseous  species  m  the  vapor 
phase  and  in  the  aqueous  phase.  The  changes  in  ionic 
concentration  as  a  result  of  corrosion  reactions  and 
desorption  are  not  accounted  for  by  such  models,  and 

the  effects  of  these  latter*  phenomena  can  be 
significant.  The  goal  of  this  research  is  to  combine 
experimental  observations  with  the  development  o<  a 
model  of  microcell  corrosion  to  better  understand  the 
initial  stage  of  atmospheric  corrosion. 
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PRISTINE  METAL  SURFACE 


CONTINUOUS  WATER  FILM 


FIG'jPf  2  :  S.^eraU;  of  «tages  i~  wate-  atJsortt:or  c 
met  a]  5u'  *  ac  et . 


FIGJPf  !  :  rfM  «icroqrapn  of  eicrocell  corrosion  sites 
o'  n  *»t  uut -cepos  1 1  eo  copper  toil  exposed  to  70‘i  Rh 
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Many  natural  minerals  are  formed  under  conditions  of  moderate 
temperature.  moi»Lue,  and  normal  atmospheric  pressure.  Similar 
conditions  are  present  during  the  formation  of  corrosion  layers  on  metals 
exposed  to  (he  atmosphere.  To  explore  similarities  and  differences  in  the 
occurrence  of  chemical  constituents  in  these  two  systems,  seven  common 
industrial  metals  and  their  corrosion  products  are  surveyed  and  compared 
with  the  inventory  of  natural  minerals. 

If  concentrations  of  dissolved  anions  were  the  only  consideration  in 
atmospheric  corrosion,  information  on  the  chemistry  of  atmospheric  gases 
and  precipitation  would  lead  to  the  prediction  of  high  concentrations  of 
nitrates  in  surface  corrosion  layers,  with  somewhat  lesser  and  roughly 
similar  amounts  of  sulfates,  chlorides,  and  carbonates.  Such  a  prediction  is 
not  borne  out  by  analyses  of  the  relative  abundances  of  corrosion  layer 
constituents  for  the  seven  metals  and  comparison  with  the  simplest  stable 
related  mineral  which  incorporates  both  the  metal  cation  and  the 
appropriate  counterion.  The  data  all  refer  to  outdoor  exposures,  for  which 
by  far  the  greatest  amount  of  information  is  available. 

Several  chemical  characteristics  of  the  corrosion  layers,  some  trivial,  some 
less  so.  are  immediately  revealed: 

•  If  no  naturally-occurring  mineral  is  known  that  incorporates  the  metal 
cation  and  the  counterion,  no  corrosion  product  incorporating  those 
constituents  is  found.  This  result  implies  that  natural  mineral  forming 
processes  at  atmospheric  temperature  and  pressure  (called  "supergene" 
processes  by  mineralogists)  are  similar  or  identical  to  the  chemical 
processes  involved  in  the  formation  of  corrosion  layers. 

•  Except  for  silver,  which  does  not  naturally  form  an  oxide  at 
atmospheric  temperature  and  pressure,  oxides  of  the  metals  occur 
naturally  and  are  major  constituents  of  the  corrosion  layers.  The 
stoichiometry  is  in  each  case  that  of  the  simplest  possible  oxide.  The 
oxides  are  quite  insoluble,  so  they  are  retained  in  the  corrosion  layer 
once  they  are  formed. 

•  If  a  stable  hydroxide  or  oxyhydroxide  mineral  for  a  given  metal  is 
known  to  occur  in  nature,  it  is  present  as  well  in  corrosion  layers. 
Copper  has  no  stable  hydroxide  mineral,  and  its  dihydroxide  appears  in 
corrosion  layers  only  as  a  thin  covering  atop  the  oxide.  Tin(II) 
dihydroxide  has  not  been  reported,  but  is  probably  present  on  the 
surface  of  exposed  tin  and  might  be  found  if  sought  In  the  case  of 
lead,  the  equilibrium  favors  the  oxide  rather  than  the  hydroxide.  The 
hydroxides  are  generally  rather  insoluble,  but  their  solubility  products 
vary  widely. 

•  Sulfate  minerals  are  common  in  the  environment  and  sulfate  corrosion 
products  arc  common  on  the  surfaces  of  metals  exposed  outdoors.  In 
the  cases  of  iron,  zinc,  and  lead  these  products  are  the  simple  sulfates, 
sometimes  with  waters  of  hydration  included.  In  the  case  of  copper, 
the  most  stable  sullate-containing  species  is  the  relatively  complex 
hydroxysulfate  mineral  brochantite  (Cu^SCLXOH")*!-  The  simplest 
stable  aluminum  sulfate  mineral  is  about  as  complex  as  brochantite,  but 
has  not  been  found;  rather,  an  amorphous  hydroxysulfate  occurs  on 
aluminum  in  substantial  abundance.  This  metastable  species  is  known 
to  be  very  insoluble,  a  property  which  probably  accounts  for  its 
presence  in  aluminum  corrosion  layers.  No  stable  silver  sulfate 
mineral  is  known,  but  silver  sulfide  minerals  arc  sometimes  9cen  in 
nature  and  in  corrosion  layers.  Sulfates  are  generally  soluble,  but 
silver  sulfide  and  the  hydroxys  ilfates  are  not. 


•  Stoichiomelrically  simple  chlorides  arc  rarely  found  either  in  nature  or 
on  corrosion  layers.  The  principal  reason  for  this  fact  is  that  the 
simple  chlorides  are  highly  soluble,  except  for  those  of  silver  and  lead. 
Iron,  copper,  and  zinc  form  hydroxychloridcs  or  oxychlorides,  some  of 
which  are  seen  in  atmospheric  corrosion  layers.  The  zinc 
hydroxychloride  is  quite  complex;  it  may  have  been  misidenufied  in 
lieu  of  one  of  the  simpler  possible  forms.  Structurally  simple 
aluminum  and  lead  hydroxychlorides  occur  naturally  but  have  not  been 
found  in  corrosion  layers;  this  may  be  another  instance  of  overlooked 
constituents.  In  addition  to  tile  relatively  common  FeOCl.  iron 
inevitably  forms  a  constituent  referred  to  as  "green  rust";  this  quasi- 
amorphous  transitory  corrosion  product  has  been  tentatively  identified 
as  2Fe(OHVFeOHCl-FcCl(OH)2.  Little  information  is  available  on  the 
solubility  of  the  hydroxychlorides,  but  they  aiv.  l' ought  to  be  less 
soluble  than  the  simple  chlorides. 

•  The  situation  with  carbonate  salts  of  the  metals  resists  easy 
characterization.  Zinc  carbonate  is  extremely  abundant  in  atmospheric 
corrosion  layers.  Lead  carbonate  is  apparently  common  as  well. 
Except  for  the  possible  occurrence  of  small  amounts  of  a  copper 
hydroxycarbonate,  no  other  carbonate  corrosion  products  arc  known  for 
any  of  the  other  metals  despite  the  natural  occurrence  of  carbonates, 
ihe  presence  of  relatively  high  concentrations  of  bicarbonate  in  the 
aqueous  surface  films,  and  the  fact  that  carbonates  arc  generally 
insoluble. 

•  The  only  nitrate  species  known  to  occur  in  corrosion  layers  is  an 
hydroxyni irate  compound  of  copper,  and  it  is  not  abundant.  Natural 
metal  nitrate  minerals  are  also  quite  uncommon. 

Thus,  most  of  the  corrosion  products  found  on  metal  surfaces  following 
exposure  to  the  atmosphere  arc  identical  with  minerals  that  arc  formed  in 
or  on  the  earth  by  natural  processes.  In  both  cases,  stable  prod'icts  are 
formed  in  an  environment  characterized  by  abundant  water,  dissolved 
oxygen,  and  competition  among  anions.  Over  long  periods  of  lime,  those 
products  that  arc  thermodynamically  favored  in  such  environments  will  be 
produced.  Kinetic  processes  and  transitions  through  metastable 
intermediates  may  be  important  on  shorter  time  scales  Solubility 
considerations  are  obviously  involved,  since  the  rarity  of  nitrates  and 
simple  chlorides  in  the  corrosion  layers  is  consistent  with  the  high  aqueous 
solubility  of  those  minerals,  just  as  the  ubiquitous  presence  of  oxides, 
hydroxides,  and  mixed  hydroxy  salts  reflects  their  low  solubility 
Mineralogists  have  been  no  more  successful  than  corrosion  scientists  at 
reducing  all  of  these  processes  to  a  tidy  formalism,  but  it  is  clear  that  the 
chemical  and  physical  steps  involved  in  the  formation  of  natural  minerals 
and  those  involved  in  (he  formation  of  corrosion  layers  on  metals  exposed 
to  the  atmosphere  are  similar  or  identical,  despite  the  vastly  different  time 
scales  involved  for  mineral  formation  in  the  two  regimes. 
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RESULTS  AND  DISCUSSION 

The  effects  of  acid  deposition  on  materials  are 
being  investigated  at  present  at  three  sites  ir 
Southern  California  and  a  site  in  Northern  Califor¬ 
nia  which  serves  as  a  background  site.  Laboratory 
studies  are  being  performed  in  support  of  these 
field  tests.  Samples  of  galvanized  steel  (non- 
passivated),  nickel  200,  flat  latex  paint  (with  and 
without  carhonate  expander)  and  concrete  have  been 
exposed  starting  in  March  1986  (1). 

The  test  sites  in  Burbank,  Long  Beach  and  Upland, 
located  in  the  Greater  Los  Angeles  area,  were 
selected  based  on  their  characteristic  SO2  and  NO2 
levels.  The  test  samples  (10.2  X  15.2  cm2}  were 
exposed  at  a  30°  angle  to  the  south  on  racks  accord¬ 
ing  to  ASTM  G50-76.  Five  sets  of  samples  were  ex¬ 
posed  between  March  1986  and  July  1987.  Duplicate 
samples  were  removed  after  periods  of  100  to  500 
days.  Atmospheric  corrosion  rate  monitors  (ACRM) 
(2)  were  mounted  on  galvanized  steel  and  nickel 
plates,  respectively,  with  one  sensor  of  each  mate¬ 
rial  facing  the  sky  and  one  facing  the  ground.  The 
ACRM  data  are  collected  on  magnetic  tape  using  a 
data  logger. 

Figure  1  shows  the  weight  loss  data  for  galvanized 
steel  at  the  four  test  sites.  Several  interesting 
observations  can  be  made  by  inspection  of  Fig.  1. 
It  can  be  seen  that  there  is  not  much  difference  in 
weight  loss  at  the  four  siter.  At  Upland  the  weight 
loss  after  one  year  was  somewhat  less  than  that  at 
the  "clean"  site  at  Salinas.  Corrosion  rates  are 
very  low  amounting  to  less  than  0.5  um/year  which  is 
typical  for  a  rural  site  (3).  For  Burbank  and  Up¬ 
land  the  differential  corrosion  rate  is  very  low  for 
the  time  between  October  1986  and  January  1987. 
This  can  be  seen  in  more  detail  in  Fig.  2  for  Bur¬ 
bank,  where  the  weight  loss  data  are  plotted  for 
samples  which  were  first  exposed  at  different  times 
in  1986  and  1987.  By  comparing  the  slope  of  the 
weight  loss-time  curves  for  the  first  three  months 
it  becomes  obvious  that  corrosion  rates  are  similar 
for  samples  which  were  first  exposed  in  February  and 
June  1986,  but  much  lower  for  first  exposure  in 
October  1986  and  January  1987.  The  fifth  set  which 
was  exposed  in  July  1987  shows  the  highest  corrosion 
rate.  The  very  low  weight  loss  data  in  the  winter 
months  have  been  observed  at  all  four  test  sites. 

Corrosion  rates  are  also  very  low  for  nickel  and 
decrease  for  the  winter  months.  Corrosion  damage  Is 
the  lowest  at  the  site  in  Salinas  and  the  highest  at 
Burbank  and  Long  Beach. 

The  pronounced  seasonal  effects  on  the  corrosion 
rates  of  galvanized  steel  (Figs.  1  and  2)  and  nickel 
are  reflected  also  in  the  ACRM  data  which  have  a 
much  finer  time  resolution.  Fig.  3  shows  plots  of 
the  cumulative  corrosion  damage  INT  for  the  four 


sensors  exposed  at  Burbank  between  April  1986  and 
September  1987.  The  value  of  INT  is  determined  by 
integration  of  the  1/Rp-time  curves  for  12  h  inter¬ 
vals,  where  Rp  is  the  polarization  resistance  (2). 
In  all  cases  corrosion  rates  start  to  decrease 
between  August  and  November  1986  and  increase  again 
in  May  1987.  It  will  be  noted  that  this  time 
dependence  of  the  corrosion  rates  does  not  follow 
the  linear  time  dependence  of  the  cumulative  time- 
of-wetness,  tgQ,  which  is  the  time  (in  h  per  month) 
for  which  the  relative  humidity  RH  exceeded  80%. 
Fig.  3  also  shows  that  for  both  zinc  and  nickel  the 
sensor  facing  the  sky  has  higher  corrosion  rates 
than  the  sensor  facing  the  ground.  These  results 
demonstrate  convincingly  the  detailed  information 
which  can  be  obtained  with  continuous  monitoring  of 
atmospheric  corrosion  phenomena  using 
electrochemical  techniques. 

The  weight  loss  data  from  the  laboratory  test  have 
shown  that  only  SO2  has  an  accelerating  effect  on 
the  corrosion  rates  of  galvanized  steel  and  nickel 
under  the  conditions  used  in  these  tests  (RH  =  80%, 
l.S  h  cooling  cycle  6h  (1)).  N02  and  O3  might  have 

a  slightly  inhibiting  effect?  however,  a  detailed 
statistical  analysis  of  the  data  has  not  been  car¬ 
ried  out  so  far.  At  present  the  effects  of  HNO3 
aerosols  are  being  investigated. 

SUMMARY  AND  CONCLUSIONS 

A  preliminary  analysis  of  the  results  obtained  so 
far  in  this  on-going  study  has  produced  some  very 
interesting  and  to  a  certain  extent  unexpected 
results.  Zinc  or  galvanized  steel  have  been  used  in 
most  studies  of  atmospheric  corrosion  carried  out  so 
far.  The  corrosion  rate  can  be  used  to  characterize 
the  corrosivity  of  a  given  test  site.  Previous 
results  obtained  for  zinc  in  a  thorough  exposure 
program  in  Scandinavia  and  Czechoslovakia  have  been 
summarized  by  Kucera  (4)  who  pointed  out  the  domi¬ 
nating  effect  of  SO2  in  inland  sites.  For  an  expo¬ 
sure  period  of  one  year  the  weight  loss  K  (g/m2)  was 
a  linear  function  of  the  S02  deposition  rate  Ccn-> 
(mg/m2 .d) : 

K  ■=  7.21  +  0.13  cso2;  r  =  0.81.  (1) 


Inclusion  of  the  time-of-wetness  did  not  improve  the 
correlation  r  significantly  (4).  The  weight  loss 
data  shown  in  Fig.  1  for  one  year  correspond  to  an 
average  value  of  K  of  about  2.3  g/m2,  which  is  lower 
than  the  weight  loss  according  to  Eq.  1  for  cS02  = 
0.  An  explanation  of  this  result  could  be  given  by 
assuming  that  the  time-of-wetness  at  the  present 
exposure  sites  is  sufficiently  less  then  that  in  the 
study  cited  by  Kucera  (4)  and  that  all  other  pollut¬ 
ants  either  do  not  have  an  accelerating  effect  on 
corrosion  or  act  as  inhibitors.  Based  on  the  data 
obtained  for  tgo»  the  time-of-wetness  would  be  be¬ 
tween  2000  and  3000  h/y  which  is  typical  for  sites 
in  the  temperate  climatic  zone  (3). 

The  weight  loss  data  for  galvanized  steel  character¬ 
ize  the  corrosivity  of  the  atmosphere  in  the  Greater 
Los  Angeles  area  as  one  typical  for  rural  areas  with 
S02  deposition  rates  of  less  than  10  mg  S02/m2.d  and 
corrosion  rates  of  zinc  between  0.2  and  2  um/y  (3). 
The  observed  corrosion  rates  were  about  0.3  m/y 
(Fig.  1).  This  is  indeed  a  surprising  result  con¬ 
sidering  the  heavy  pollution  in  the  test  area  and 
the  reported  low  pH  values  for  acid  dew  and  fog. 
However,  pollution  in  this  area  is  different  from 
"'T'-f  others  insofar  as  S02  levels  are  v*»ry  lnw. 


158 


GALVANIZED  STEEL  /  BURBANK 


r 


L 


The  seasonal  effects  observed  for  galvanized  steel 
(Fig.  1  and  2)  are  also  very  interesting  considering 
the  fact  that  rain  occurs  in  Los  Angeles  only  during 
the  winter  months  which  is  the  time  during  which 
corrosion  rates  dropped  to  very  low  values.  Appar¬ 
ently,  the  rain  has  mainly  a  cleaning  effect.  It 
will  be  noted  that  usually  corrosion  rates  are  the 
highest  during  the  winter  months  when  SO2  concentra¬ 
tions  reach  their  maximum.  Again,  the  present  study 
has  revealed  trends  which  are  entirely  different. 

A  thorough  analysis  of  the  results  obtained  in  the 
projects  discussed  here  will  result  in  dose-response 
or  damage  functions  for  the  Greater  Los  Angeles 
area.  While  in  principle  a  universal  damage  func¬ 
tion  should  be  applicable  to  any  type  of  atmosphere, 
it  seems  that  the  damage  functions  which  have  been 
developed  so  far  (3)  do  not  apply  to  the  present 
situation  which  is  quite  unique. 
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Fig.  1.  Weight  loss  data  for  galvanized  steel 

(first  set)  at  Burbank  (  1  ),  Long  Beach 
(  2  ),  I’pland  (  3)  and  Salinas  (  4  ). 
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Surface  analytical  techniques  are  important  tools  in 
mechanistic  corrosion  studies,  since  they  can 
provide  structural  and  chemical  information  on  a 
corroding  surface.  Because  of  inherent  possibilities 
and  limitations  it  is  often  necessary  to  use  more 
than  one  technique  when  solving  problems  in  surface 
science.  This  requires  the  knowledge  of  a  wide  range 
of  methods  in  order  to  select  a  suitable  combination 
giving  the  proper  complementary  information.  Methods 
using  electrons  and  ions  as  probing  particles  have 
been  more  frequently  applied  to  studies  related  to 
atmospheric  corrosion  (1-3).  Optical  techniques  such 
as  infrared  and  Raman  spectroscopy  on  the  other 
hand,  have  despite  their  possibility  to  obtain 
in-situ  information  so  far  found  only  very  limited 
use  in  the  field  of  atmospheric  corrosion. 

In  the  present  work  Fourier  transform  infrared 
reflection  absorbtion  spectroscopy  (FT-1RRAS),  Raman 
spectroscopy  and  X-ray  photoelectron  spectroscopy 
(XPS)  have  been  used  to  study  thin  corrosion  products 
formed  on  copper  exposed  to  humid  air  with  minor 
additions  of  SO,  and  NO-.  The  results  presented  were 
ootained  under  ex-situ^  conditions  but  the  optical 
techniques  FT-IRRAS  and  Raman  spectroscopy  may  well 
yield  in-situ  information  when  modified  with  a 
convent  e'per irronf^l  set-up. 

Copper  samples  were  diamond  polished,  washed  with 
distilled  water  and  ethanol  and  e*posed  to  flowing 
air  at  a  relative  humidity  of  75%  to  which  0.25  ppm 
of  both  SO-  and  NO,  were  added.  The  time  of  exposure 
was  2.  77  20  and  170  hours  respectively.  Some 

samples  we.e  le't  as  reference  samples  and 
stored  in  an  atmosphere  free  of  humidity  and  corros¬ 
ive  gases.  The  FT-IRRAS  measurements  were  made  with 
a  Bruker  FT-IR  spectrometer,  I FS  113  V  (located  at 
Bruker  Analytische  Messtechnik,  GmbH  in  Karlsruhe) 
with  p-polarised  light  incident  at  an  angle  of  80°. 
The  Raman  measurements  were  made  with  an  argon  laser 
at  an  excitation  wavelength  of  488  nm.  The  XPS  and 
Raman  spectrometers  have  been  described  elsewhere 
(3.  4). 

Estimates  of  the  thickness  of  corrosion  products  at 
various  exposure  time  were  obtained  by  means  of 
cathodic  reduction  which  shows  a  thickness  of  5  nm 
after  2  hours  of  exposure  whereas  the  thickness 
after  7.  20  and  170  hours  were  8.  17  and  36  nm 
respectively. 

The  infrared  spectra  are  rather  complex.  The  samples 
exposed  2,  7  and  20  hours  exhibit  spectra  with  peaks 
that  were  assigned  to  hydrous  copper  sulfate  or 
hydrous  copper  sulfite.  The  XPS  result  support  the 
latter  alternative  as  judged  from  the  binding  energy 
of  the  S2p'peak.  On  the  sample  exposed  for  20  hours 
a  pea*  assigned  to  hydrous  esepr-  nitrate  has  begun 
to  grow  and  in  the  spectrum  of  the  170  hours  sample 
it  is  the  strongest  peak  present.  The  assignment  of 
the  peak  to  hydrous  copper  nitrate  is  supported  by 
the  XPS-data  which  show  a  nitrogen.  Nls-peak  with  a 
binding  energy  corresponding  to  nitrate. 


In  order  to  gair  some  insight  into  the  possible 
in-depth  distribution  of  S  and  N  a  separate  XPS 
study  of  the  170  hours  sample  was  performed,  were 
the  surface  sensitivity  was  varied  by  changing  the 
take-off  angle  of  the  detected  photoelectrons  with 
respect  to  the  entrance  slit  of  the  photoelectron 
analyser.  The  '/station  of  the  ratio  N/(N+S)  when 
going  from  higher  surface  sensitivity  (tilting  the 
^ample  with  respect  to  the  analyser?  to  lower 
surface  sensitivity  (90°  between  sample  surface  and 
analyser)  shows  that  the  ratio  increases  with  nigher 
surface  sensitivity.  This  together  with  the  FT-IRRAS 
results  described  earlier  suggests  that  the  nitrate 
layer  has  grown  on  top  of  the  hydrous  sulfite  layer. 

The  Raman  measurements  gave  spectra  with  bands  that 
were  assigned  to  Cu,0.  When  going  from  thinner  to 
thicker  corrosion  Hlms  the  Cu,0  bands  increase, 
suggesting  that  the  amount  of  Cu^O  is  higher  in  the 
thicker  than  in  the  thinner  films.  No  peaks  due  to 
nitrate  or  sulfate/sulfite  phases  could  be  detected. 
This  can  be  explained  by  considering  the  Raman 
scattering  mechanism.  Cu,0  is  known  to  show  resonance 
Raman  scattering,  giving  an  considerable  enhanced 
Raman  signal.  The  other  corrosion  products  are 
probably  not  resonance  Raman  scattered  and  are 
probably  too  thin  to  be  detected  when  normal  Raman 
scattering  mechanisms  are  operating 

To  summarize,  the  present  study  illustrates  how 
different  complementary  surface  sensitive  technioues 
can  be  used  to  obtain  chemical  or  structural  infor¬ 
mation  on  the  initial  growth  of  tnir.  .dyers  caused 
by  atmospheric  corrosion  of  metals.  Hence  when  Cu 
interacts  with  flowing  air  at  75%  relative  humidity 
and  with  addition  of  SO,  and  NO,  at  0.25  ppm  the 
compounds  listed  below  could  unambiguously  be 
identified  by  the  following  techniques  used: 

-  Copper  oxide  Cu-0  (Raman  spectroscopy)  growng 
most  likely  next  to  the  metal  substrate. 

-  Hydrous  cooper  sulfite  (IRRAS  and  XPS). 

-  Hydro-'S  copper  nitrate  (IRRAS  and  XPS  1  growing  on 
top  of  the  hydrous  copper  sulfite  ’’aye*-. 
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Darkening  of  medieval  glass. 

A  special  type  of  atmospheric  corrosion 
of  glass. 

Stephan  Fitz 
Umwel tbundesamt 

Bismarckplatz  1,  D-1000  Berlin  33,  Germany 

The  weathering  of  medieval  stained  glass 
windows  which  is  accelerated  by  air  pollu¬ 
tants  leads  to  surface  degradation  and 
pitting  of  the  glass  together  with  the  for¬ 
mation  of  weathering  crust  (1,2,3).  Beside 
this  extensively  studied  and  until  now  fairly 
understood  mechanism  of  deterioration  of  this 
unique  works  of  art  a  number  of  glasses  shows 
loss  of  transparency,  shift  of  their  color 
toward  brownish  tones  or  even  darkening  up  to 
total  opacity.  Beside  the  discoloration  there 
could  not  be  found  any  other  chanqes  of  these 
glasses  by  visual  inspection  :  no  corrosion 
products  were  deposited  and  the  original 
gloss  of  the  glass  surface  seemed  to  bo  with¬ 
out  changes. 

;■  irsr.  hints  for  the  real  nature  of  the  obser¬ 
ved  effect  gave  microscopic  examination  of 
‘he  darkened  glass.  The  surface  shows  a  net 
■f  fine  fissures  along  which  a  deep  brown 
di scolorat ion  can  be  observed,  obviously  due 
to  the  dopes i*  ion  of  some  brown  compounds. 
Because  of  ? ne  extremely  small  amount  of  the 
compounds  an  analysis  of  the  observed  pro¬ 
ducts  could  not  be  earned  out  in  our  labora- 
-ory.  The  fact  that  the  darkening  has  been 
observed  only  at  glass  with  high  content  of 
iron  and  manganese  has  led  to  the  assumption 
‘hat  the  observed  dark  pans  m  the  crizzled 
sir  face  layer  of  the  ]  1  a  s  s  are  'insoluble 
oxides  or  oxide-hydrates  of  I’e  3 + ,  Mn3*  and 
Vn4+. 

The  mechanism  leading  to  this  tyoe  of  changes 
of  ‘he  glass  is  initiated  by  an  acidic  attack 
on  the  glass  surface.  In  an  ion -exchange 
reaction  the  pro* ones  which  were  deposited  at 
the  surface  for  example  »y  acid  rain  are 
exchanged  dv  »  he  most  mobile  cations  of  the 
glass  matrix  -  at  typical  composed  medieval 
glasses  mainly  oot  t.  as;  urn  nr  calcium  ions. 
When  the  voluminous  potassium  and  calcium 
cations  are  removed  from  t ge  glacs  matrix  the 
reman  in.:  compounds  of  the  original  glass  - 
ma:nly  silicon  dioxide  -  form  a  gel  at  the 
surface.  Normal  climatic  changes  as  variation 
m  temperature  or  relative  humidity  in  the 
surrounding  lead  to  a  dost  abi  1 1  zat  ion  of  the 
j e 1  by  loss  of  water  and  cause  the  format  ion 
of  a  crizzled  surface.  At  the  surface  oxygen 
has  free  access  to  Ke2+  and  Mn2+-ions  which 
initially  have  been  bond  within  the  glass 
matrix.  The  color  of  the  newly  formed  oxida- 
►  ion  oroducts  turns  from  the  in;t  lal  pale 
green,  rosp.  pink  color  to  dark  brown  of 
Fe3  +  -  and  Mn3  +  -  • esp.  Mn4f-ions.  As  the  solu¬ 
bility  of  ‘he  new  products  (oxides  and  oxid- 
hydrates  of  iron  an  manganese)  :s  very  low, 
t  hey  rema  in  at  the  onto  r  r.ur  f  ace  of  the  s  t  1  i  - 
cagel,  especially  within  the  microscopic 
fissure.-,  H e  s  t. o  r  a  ‘  »  o n  of  these  darkened 
glasses  is  not  possible  with  suitable  methods 
without  undesirable  loss  of  substance:  th*> 
usually  applied  mechanical  cleaning  methods 
which  are  more  or  less  successful  when  wea¬ 
thering  crusts  are  removed,  fail  because  the 
dark  layers  are  only  extremely  thin  coatings 
a *  very  sensitive  surfaces.  Ktching  or  abra¬ 


sion  of  the  discolored  surface  layer,  as  it 
was  carried  out  in  the  early  sixties  at  me¬ 
dieval  stained  glass  windows  of  St.Bngida  at 
Legden/West f a len  is  contradictory  to  a  modern 
understanding  of  conservation. 

For  restoring  original  color  perception  of 
the  glass  there  had  to  be  found  a  chemical 
treatment  by  which  the  undesirable  oxidation 
of  the  iron-  and  manganese  compounds  ecu  I'5  cc 
reversed,  all  other  components  or  tne  already 
curroaed  glass  should  be  left  unaltered  how¬ 
ever.  The  only  reducing  agent,  which  in  expe¬ 
riment  yielded  the  desired  effect,  was  found 
a  24k  aqueous  solution  of  hydrazine.  All 
other  tested  reducing  agents  failed,  s*nce 
they  caused  serious  damaged  the  original 
glass  matrix.  The  positive  effect  of  hydrazi¬ 
ne  was  very  surprising,  since  this  solution 
with  a  nH  of  11.5  would  be  expected  to  attack 
glass.  Leaching  experiments  of  medieval  glass 
by  several  different  alkaline  agents  as  so¬ 
dium  hydroxide  or  ammonium  hydroxide  showed 
strong  attack  on  the  glass.  Medieval  glass 
from  Altenberg  Lathedral,  which  was  available 
in  greater  amounts  and  is  dated  ]  3 8  3  was  used 
for  the  e  x  p  e r i m o n  t  s .  After  a  ?  0  h  ^ur  s  treat¬ 
ment  with  hydrazine  tne  weight  loss  is  even 
much  lower  then  that  of  a  reference  sample 
treated  with  d  e  ionize  d  w  a  t  e  r  wit  h  a  :  >  H  o  t  *> . 

A  f  :  n  a  1  explanation  o  f  this  passivation 
effect  of  hydrazine  against  ai-;ai  me  attack 
O n  class  cannot  b e  g  i  v e n .  T h e  c o  sc  r : be  l 
me‘ hod  gives  a  very  useful  tool  tor  the  cen¬ 
se:  v a  t  o r  r. f  h  1  s t o r  i c  s t.  a:  ne g  q  lass  w  :  n d o w  s . 
The  treatment  of  darkened  glass  by  the  hydra- 
z  i  ne  method  nevertheless  has  to  be  followed 
r>y  additional  precaut  i«snary  measures  i  n  order 
to  prevent  a  reoxiciat  :on  of  po  2  *  and  y.  n  2  * , 
which  has  been  left  m  the  gel  layer  after 
reduction  treatment.  A  slight  rcox;  tat.cn  of 
a  treated  stained  glass  wi.ng..-v,  as  ;*  was 

observed  at  Mar  lenste rn/DP-f ,  made  ado  :  •  .  ena  1 
ctens  necessary.  A  removal  of  t  •’.<  r  •'  2  *  and 
Mn2*  ions  by  a  w*»ak  a  as  proposed  i;> 

“diller  l  H )  car.  cause  additional  aamao-'  due  * .  .  • 
fur*  Vr  acidic  attack.  Probably  more  sue  ?■»#>• 
fill  might  be  l  prefer-*  ivp  coat  i  n-:  by  gpoeiui 
organic  modified  silicates  by  the  method  •{ 
T  linker  et.al.  (  ,  which  applied  after  •  :w 

hydrazine  treatment,  could  crotect  tne  sensi¬ 
tive  i  hiss  surf  aoe  from  further  •■xida*  ion. 
This  me  *  hod  is  •  ostni!  in  a  field  *  o  s  t  a  ‘ 
original  stump  i  glas^  win  lows  m  Sweden  :  •  > : 
a  peri  id  <-i  4  year  -  w.  N  «'*-.anges  ku*  even 
until  now. 

Hof erenoes ; 

i  l  •  Frenzel,  The  K»*st  zrat  a»n  oi  Medieval 

Stained  11  ass,  .  !  .  c  American,  V. ay 

1  ■>  8  .  1  J  f.  -  1  3  u . 

(2^  Fit?,  S.t  Do  air  pollutants  damage  histo¬ 
ric  stained  ilass  windows.'  rr  oo. Fleet  ro- 
chem.  Soo.  1  M  8  b  ,  p.  227-236 
(li  Newton,  K.  I. :  The  Pe*es  i  o  r  a  t  :  on  arid  c-*n~ 
-ervaf  ion  of  p  a  i  n  *  e  d  class/  A  or;*  i  c  ,i  1 
b  ; !» 1  t  og :  a:>hy .  London  :  Ox  f  or  d  b :i  »  v**  r  s  l  ?  y 
P  r  o  -is  1  u  8  2 
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ATMOSPHERIC  TARNISHING  OF  SILVER  BY  H>S: 
KTNF.TIC  STUDIES  USING  A  FLOW  REACTOR 

Leo  Volpe  and  Phillip  J.  Peterson 

Internationa]  Business  Machines  Corporation 
General  Products  Division 
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Gaseous  air  pollutants  are  known  to  play  a  key  role  in 
atmospheric  corrosion  of  metals.  The  mechanism  and 
kinetics  of  corrosion  depend  on  the  type  and  level  of 
corrodents  at  the  surface.  When  the  metal  corrodes, 
the  rate  of  corrodent  delivery  from  surrounding  air  Is 
trying  to  keep  up  with  the  rate  of  consumption  by  the 
sample.  As  a  result,  the  surface  concentration  of  a 
reactive  gas  generally  falls  below  the  observable 
bulk-air  concentration,  and  the  corrosion  rate  is 
reduced  accordingly.  The  extent  of  this  decrease 
depends  not  only  on  the  metal's  chemical  reactivity 
but  also  on  the  conditions  of  mass  transfer  of  gaseous 
pol  1ijtA-.*.s .  Experimentally,  the  effect  of  mass 
transport  on  the  rate  is  manifested  in  the  influence 
of  air  velocity  and  flow  pattern  near  the  sample, 
which  Is  well  recognized  in  the  corrosion  literature. 

As  an  example  of  a  process  affected  by  mass  transfer, 
we  examined  the  tarnishing  of  Ag  in  corrosive  mixtures 
contaminated  with  sub-ppm  levels  of  H»S.  The 

sulfidation,  important  as  the  major  cause  of  silver 
corrosion,  has  been  extensively  studied.  Our  samples 
were  metal  foils  in  the  form  of  circular  tubes  (Figure 
1).  Tnside  them,  air  with  HpS  or  H»S-conta  in  i  ng 
mixtures  was  passed.  As  we  varied  the  mixture 
composition,  flow  rate,  tube  length,  and  duration  of 
exposure,  we  monitored  gas  concentrations  at  the  tube 
inlet  and  outlet.  This  gave  the  instantaneous  rate  of 
corrodent  incorporation  Into  the  foil.  After  exposing 
the  sample  to  a  gas  mixture  for  a  period  of  time,  we 
determined  the  type  and  amount  of  solid  corrosion 
product  as  a  function  of  distance  from  the  tube's 
entrance . 

The  tubular  reactor  has  well-defined  and  controlled 
flow  conditions  allowing  us  to  separate  the  intrinsic 
kinetics  of  surface  reactions  from  the  details  of 
corrodent  delivery.  From  data  on  reactor  conversion 
and  rate  of  Ag»S  film  growth,  we  derived  the  pollutant 
deposition  velocity  at  the  surface  and  the 
corresponding  reaction  probability  (y),  i.e.,  the 

probability  that  an  H»S  molecule  colliding  with  the 
sample  will  form  sulfide. 

In  dry  air  at  7 ** T  K,  H»S  transformed  Ag  into  Ag>S  with 
r  between  1*10"®  and  5-10-®.  The  rate  was  constant 
with  time.  Addition  of  H»  to  the  gas  mixture  did  not 
Inhibit  the  rate.  This  shows  that  the  reaction  doe* 
not  produce  H»  and  Is  likely  to  Involve  Of  as  a 
reactant . 


With  HfS-NOf  mixtures  in  dry  air,  y  was  1.5-  1 0 —  ^  to 
3.5- 10“^  when  the  concentrations  of  the  two  corrodents 
were  similar.  The  deposition  velocity  rose  sharply 
with  increasing  NO*  level.  In  the  process,  NO?  was 
consumed  twice  as  fast  as  H*S,  quantitatively 
converting  to  HNO*  gas.  Thus,  a  reaction  not  reported 
in  the  literature,  2Ag  +  H?S  +  2N0i  =  Ag*S  +■  2HN0»,  is 
responsible  for  the  accelerated  sulfidation. 

In  a  humid  air  mixture  having  0.5,  0.3,  0.04,  and 
0.003  ppm  of  NO/,  SO* ,  HjS,  and  HC1,  respectively, 
surface  sulfidation  prevailed  over  ci.  loridat  ion .  The 
rate  held  steady  e\»n  after  the  build-up  of  hundreds 
of  AgfS  monolayers.  This  is  consistent  with  high 
mobility  of  Ag+  in  the  sulfide  film.  At  298  K,  the 
reaction  probability  with  H/S  lay  between  10'  and  1, 
as  shown  in  Figure  2.  These  high  values  are  believed 
to  stem  mainly  from  the  excess  of  NO?.  The  rate  is 
controlled  by  the  delivery  of  pollutant  to  the  Ag 
foil.  Under  most  environmental  conditions,  mass 
transfer  of  corrodent  gas  to  the  surface  is  expected 
to  limit  the  rate  of  sulfidation. 


Figure  1.  Tubular  corrosion  reactor.  The  metal  foil 
lines  the  tube’s  inside  diameter. 


Disianc*  trorn  load"*}  edge  {cm) 

Figure  2.  Depletion  of  HpS  from  corrosive  air  (0.5, 
0.3,  0.04,  and  0.003  ppm  of  NO* ,  SOf ,  H»S, 
and  HC1,  respectively,  at  29®  K,  70% 
relative  humidity)  flowing  in  Ag  tubes. 
Experimental  results  for  flow  rstes  (cm* 
f  STP]  s'):  0-51.8  ,  \-27.3,  n  -  14.3. 

+  -  7.67,  n  -  3.83  Theoretical  prediction 
for  reaction  probabilities  of  10”:  dashed 
curves ;  1 :  solid  curves . 
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"THE  EFFECT  OF  CONDENSATION  MECHANISM  ON 
ATMOSPHERIC  CORROSION  OF  METALS." 


PAUL  A.  BURDA 


Pacific  Gas  &  Electric  Company 
Department  of  Technical  and  Ecological  Services 
3400  Crow  Canyon  Road 
San  Ramon,  CA  94583 


The  influence  of  intensity  condensation  on  the 
atmospheric  corrosion  of  metals  was  investigated 
in  this  study  with  intention  to  explain  the 
relationship  of  important  factors  for  efficient 
design  of  permanent  and/or  temporary  methods  of 
the  metals  protection. 

The  quantitative  relationships  were  obtained 
between  "inside  factors"  (associated  with  the 
mass,  heat  capacity,  heat  conductivity,  and 
specific  heat  of  metals)  and  the  "outside  factors" 
(associated  with  temperature  and  humidity  of  the 
unpolluted  environment)  with  regard  to  intensity 
of  condensation  on  the  steel,  aluminum,  copper, 
and  lead  surfaces. 

The  model  of  the  laboratory  microclimatic  setup, 
used  in  this  study,  allowed  that: 

a)  the  temperature  of  the  air  was  constant  and 
differed  from  the  temperature  of  the  metal 
surface.  The  metal  could  follow  the 
temperature  of  an  environment, 

b)  the  starting  temperatures  of  the  metals  and 
the  air  were  the  same,  the  temperature  of  the 
environment  changed  and  the  metal  followed 
these  changes. 

The  influence  of  mass  of  metals  on  intensity  of 
condensation  had  been  determined  under  the 
changing  temperature  of  environment.  Very  low 
corrosion  rate  of  steel  found  in  the  air  with  1002 
relative  humidity  at  the  constant  temperature  of 
metal  and  environment,  progressively  increased 
with  an  increasing  amount  of  condensations.  It 
was  demonstrated  that  the  kinetics  of  atmospheric 
corrosion  and  the  intensity  of  condensation  depend 
on  heat  capacity,  while  heat  conductivity  was  not 
found  to  be  a  dominant  factor.  A  linear 
relationship  between  specific  heat  and  intensity 
of  condensation  was  found  in  the  range  of  specific 
heat  from  0  to  2xl0“^cal/°Cg.  It  was  also 
determined  that  the  mass  of  metals  increased 
intensity  of  condensation  by  letting  down  the 
metal  temperature  below  the  temperature  of  the 
air. 

The  conclusions  of  laboratory  experiments  were 
compared  with  the  results  of  atmospheric  outdoor 
tests  of  steel  mass  samples  (up  to  20  pounds)  and 
aluminum  (up  to  several  hundred  pounds).  These 
results  agreed  with  the  laboratory  findings  that 
heat  capacity  has  a  dominant  affect  on  intensity 
of  condensation  and  on  existence  of  the 
electrolyte  on  the  surface  of  metals  and 
therefore,  it  is  an  Important  factor  of  long  time 
of  atmospheric  corrosion.  The  larger  mass  of 
aluminum  exhibited  a  higher  corrosion  rate.  It 
was  found  that  the  highest  atmospheric  corrosion 
rate,  caused  by  higher  mass  of  steel,  occurred 
mostly  during  the  spring  time  of  the  year. 


Base <  on  the  results  found,  the  following  can  be 
concluded: 

a)  the  parameters  of  the  atmosphere  are 
influencing  the  effect  of  mass  and  heat 
capacity  on  kinetics  of  atmospheric 
corrosion.  The  highest  corrosion  rate  was 
found  under  intensive  condensation  conditions 
caused  by  different  temperatures  of  metals 
and  the  environment. 

b)  the  temperature  changes  of  the  metal  surface, 
effecting  the  condensation  mechanism,  depend 
on  heat  capacity  of  the  metal. 

c)  the  corrosion  rate  increase  depends  also  on 
the  mass  of  the  metals. 
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In  earlier  studies,  we  reported  on  measurements  of  airborne 
concentrations  and  surface  accumulations  of  ionic  substances  at 
electronic  equipment  installations  at  Wichita,  Kansas  and  Lubbock. 
Texas' 2.  Dichotomous  samplers  were  used  to  collect  samples  of 
airborne  substances  at  a  convenient  central  location  in  the 
equipment  room  and  outdoors  on  the  roof  of  the  equipment  building 
Practical  considerations  (cost  and  air  flow  requirements  of  the 
sampler  compared  to  total  room  air  flow)  dictated  that  only  one 
dichotomous  sampler  could  be  used  indoors  in  the  Wichita  and 
Lubbock  studies.  Samples  of  fine  and  coarse  particulates  (0.1  -  2.5 
and  2.5  -  15  Mm  aerodynamic  diameter,  respectively)  were  collected 
on  Teflon  filters  at  weekly  or  twice  weekly  intervals  for  several 
months.  The  separation  of  particulates  into  fine  and  coarse  fractions 
is  particularly  useful  in  understanding  the  accumulation  behavior  of 
ionic  substances  on  horizontal  and  vertical  surfaces,  as  discussed  in 
the  earlier  work'-1.  Sampling  of  ionic  substances  that  accumulated 
on  surfaces  was  accomplished  using  filter  paper  extraction4  of 
structural  zinc  and  aluminum  surfaces  associated  with  the 
equipment.  Sixty  surface  extractions,  sampling  both  horizontal  and 
vertical  surfaces,  were  taken  at  both  Wichita  and  Lubbock.  In 
these  initial  studies,  the  sampling  and  analytical  methods  were 
optimized,  but  the  duration  of  the  airborne  sampling  (2-4  months) 
and  the  extent  of  surface  sampling  were  not  sufficient  to  achieve  a 
quantitative  measure  of  the  deposition  process  for  all  the  major  ions 
in  fine  and  coarse  particles.  More  extended  studies  were  recently 
completed  at  equipment  locations  in  Newark,  New  Jersey1'  and 
Neenah,  Wisconsin*.  In  each  of  these  studies,  detailed  surface 
sampling  was  spread  across  the  entire  equipment  room  (500 
sampling  points  on  25  equipment  frames),  and  samplings  of  indoor 
and  outdoor  airborne  concentrations  were  obtained  for  a  one  year 
cycle,  using  dichotomous  samplers.  From  these  and  the  previous 
studies  it  became  evident  that:  (1)  reliable  indoor/outdoor 
concentration  ratios  could  be  estimated  from  readily  available  air 
handliing  system  parameters;  and  (2)  deposition  velocities, 
calculated  as  the  ratio  of  the  average  surface  accumulation  rates  to 
the  airborne  concentrations,  are  reasonably  consistent  for  each  of 
the  dominant  ions  commonly  present  in  fine  or  coarse  particles, 
irregardlcss  of  location.  The  consistency  of  the  deposition  velocities 
can  be  attributed  to  the  narrow  range  in  the  average  air  flow 
velocities  at  these  locations,  which  is  typically  3-6  m/min.  From 
items  (1)  and  (2)  a  methodology  was  developed  for  predicting 
average  indoor  surface  accumulation  rates  from  outdoor 
concentrations,  which  are  well  known  in  many  parts  of  the  world 
While  the  methodology  provides  reliable  estimates  of  average 
surface  accumulations,  it  was  also  clear  from  the  measurements  at 
these  locations  that  there  is  a  substantial  variation  in  the  surface 
accumulation  rate  across  equipment  rooms.  From  the  original  data, 
however,  it  could  not  be  determined  if  these  variations  were  a  result 
of  variations  in  airborne  concentrations  or  variations  in  the 
deposition  process. 
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In  this  paper  further  measurements  at  Newark  and  Neenah  are 
reported  in  which  compac'.  personal  air  sampling  pumps  have  been 
used  in  conjunction  with  Teflon  filters  mounted  in  cassettes.  These 
pumps  collect  total  suspended  particulates  (TSP),  which  is  a 
disadvantage  compared  to  the  size  fractionated  data  obtainable 
using  dichotomous  samplers,  but  the  small  size  and  low  flow  rates  of 
these  pumps  allow  a  large  number  of  them  to  be  used  without 
appreciably  altering  the  airborne  concentration  and  they  can  be 
placed  in  close  proximity  to  the  surface  sampling  locations 
Comparisons  between  accumulation  of  ionic  substances  on 
horizontal  or  vertical  surfaces  and  their  concentrations  in  the  fine 
and  coarse  particulate  fractions  cannot  be  made  directly  from  the 
data,  but  can  be  calculated  using  the  percentages  of  fine  and  coarse 
particles  in  the  TSP,  as  determined  using  the  dichotomous  sampler. 
It  was  anticipated  that  comparison  of  the  surface  accumulation  rates 
on  horizontal  and  vertical  surfaces  with  the  corresponding 
concentrations  of  ions  in  the  fine  and  coarse  particle  fractions  would: 
(1)  establish  the  degree  to  which  the  surface  accumulation 
variations  can  be  attributed  to  variation  in  the  local  airborne 
concentrations;  and  (2)  determine  if  the  data  obtained  using  the 
dichotomous  samplers  are  representative  of  concentrations  across  the 
entire  equipment  room  for  each  sampling  interval. 

The  airborne  concentrations  of  ionic  substances  measured  across  the 
equipment  room  floors  at  both  Newark  and  Neenah  have  been  found 
to  be  remarkably  similar.  For  example,  the  ranges  in  airborne 
sulfate  associated  with  fine  particles  at  Newark  and  Neenah  were 
0.83  -  1.08  and  0.73  -  0.81  Mg/m\  respectively.  In  comparison, 
the  range  in  surface  accumulation  rates  for  sulfate  on  vertical 
surfaces  were  0.07  -  0.29  and  0.04  -  0.10  Mg/cm:yr.  respectively 
The  ranges  of  the  calculated  deposition  velocities  obtained  from  the 
surface  and  airborne  concentrations  are  0.002  -  0.010  and 
0.0002  —  0.004  cm/sec  respectively. 

These  results  demonstrate  that:  (1)  the  variation  in  surface 
accumulations  is  not  attributable  to  the  airborne  concentrations  and 
thus  should  be  attributed  to  other  factors  probably  related  to  air 
currents;  and  (2)  airborne  indoor  concentrations  of  ionic  substances 
are  sufficiently  constant  across  the  equipment  room  floor  for  a 
typical  sampling  interval  that  the  results  obtained  previously'  using 
a  single  dichotomous  sampler  reasonably  approximate  the 
concentrations  across  the  entire  equipment  room. 
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Copper  and  silver  are  extensively  used  in  the 
electronic  equipment,  and  in  this  study,  these 
metals  were  subjected  to  indoor  exposure  tests 
carried  out  at  various  sites  in  ASEAN  countri¬ 
es  and  Japan.  The  effects  of  atmospheric 
pollutants  on  their  corrosion  were  also 
investigated. 

Experimental 

Test  specimens  (30  x  30  x  0.3  mm)  are  of  99.9 
%  Cu  and  99.9%  Ag.  They  were  mounted  with  an 
adhesive  on  acrylic  resin  panels  (100  x  100  x 
3  mm).  Each  specimen  was  polished  with  gauze 
and  alumina  paste,  then  rinsed  in  distilled 
water,  followed  by  alcohol  immersion,  and 
finally  dried.  A  total  of  23  sites  for  indoor 
exposure  were  selected  in  Bandung,  Singapore, 
Bangkok  and  Tokyo.  At  each  of  these  sites, 
tile  panel  with  copper  and  silver  specimens 
and  a  set  of  sampling  devices  for  atmospheric 
pollutants  (S02,  solid  Cl",  gaseous  Cl",  N02, 
S^-)  were  hung  vertically  for  1  to  6  months. 

Results 

(1)  Microscopic  examination  and  EPMA 

Thick  corrosion  products  were  sporadi¬ 
cally  resulted  on  copper  surfaces,  and  C,  S, 

Cl  and  0  accumulated  there,  but  Na  was  not 
detected  (Fig.l).  Silver  surfaces  were  uni¬ 
formly  covered  with  corrosion  product  films. 

(2)  XPS 

The  probable  states  of  the  elements 
detected  are  as  follows: 

Copper  -  Cud,  II),  02- ,  OH-,  S042”,  S2_, 

Cl",  C  (graphite,  organic  substance). 
Silver  -  Aq(I),  02“,  OH”,  SO32-,  SO42-,  S2~ 
Cl",  C  (graphite,  organic  substance) . 

(3)  AES 

On  every  copper  surface  (Fig. 2) ,  0  and  C 
were  detected  and  in  some  cases,  Cl,  N  and/or 
S  were  also  detected.  C  was  found  in  abun¬ 
dance  inside  the  film,  but  Cl,  N  and  S  were 
in  small  quantities.  On  silver  surfaces,  S 
and  C  were  present  in  comparatively  large 
amounts.  In  most  cases,  C  was  detected  only 
in  the  outermost  layer,  but  S  penetrated  into 
the  depth  of  the  film.  Cl,  N  and/or  were  also 
found  in  some  cases . 

(4)  IRS  (KBr  disk  method) 

On  copper  surfaces,  H2°»  OH",  SO^", 

NO-}-  and  carboxylate  were  found,  and  on  silver 
surfaces,  H2O,  OH",  and  SO^"  were  detected. 


(5)  Electrolytic  reduction 

On  copper  surfaces,  corrosion  products 
could  not  be  indentified  by  the  reduction 
potential.  The  amount  of  electricity  re¬ 
quired  to  reduce  the  corrosion  products  was 
not  correlated  to  the  deposition  rate  of  any 
pollutant.  On  the  other  hand,  corrosion 
products  of  silver  were  identified  as  Ag2S 
from  the  reduction  potential  (-0.75V  SCE) . 

The  AG2S  thickness  increased  with  increasing 
deposition  rate  of  H2S  or  SO3  (Figs. 3  and  4). 

Discussion 

Carbon,  detected  on  copper  surfaces,  is  con¬ 
sidered  not  to  originate  from  003^",  but  fror 
organic  substance.  Carboxylate  was  found  in 
certain  cases  by  the  IRS  technique-  Cl  accu¬ 
mulated  at  the  center  (at  the  anode)  of  the 
pit,  but  Na  was  not  detected  around  the  pit 
(at  the  cathode).  This  suggests  that  Cl  in 
this  case  comes  from  HC1  in  air.  In  addition, 
SO2,  H2S,  NO2  and  organic  acids  in  the  atmo¬ 
sphere  also  reacted  with  copper,  leading  to 
the  formation  of  basic  salts  in  mixture.  The 
cathodic  reaction  seems  to  be  in  the  oxygen 
consumption  process. 

Oxide  films  of  silver  formed  during  tno 
preparation  of  specimens  were  changed  to 
Ag2S,  Ag2S04 ,  AgCl  and  A0NO3  by  reacting  with 
the  pollutants  dissolved  in  the  adsorbed 
water.  Oxygen  was  detected  on  the  surface 
in  mild  indoor  environments,  but  it  was  not 
detected  on  the  surface  exposed  to  the  atmo¬ 
sphere  which  was  heavily  polluted  by  H2S. 

Conclusions 

No  significant  variations  in  the  amount  of 
air  pollution  have  been  among  the  countries: 
the  amount  of  air  pollution  depends  on  the 
locality  of  the  exposure  site. 

Copper  undergoes  complex  influences  of 
organic  acid,  Cl“,  SO 2,  H2S  and  N02  which 
are  different  in  concentration  and  reac¬ 
tivity,  and  is  apt  to  be  corroded  sporadical¬ 
ly.  The  corrosion  products  on  copper  consist 
of  basic  salts  in  mixture.  The  product 
amount  is  not  correlated  to  the  deposition 
rate  of  any  pollutant. 

Silver  is  affected  mainly  by  and 

S02 ,  and  the  general  corrosion  occurs  uni¬ 
formly.  The  main  corrosion  products  of 
silver  were  identified  as  Ag-,5,  the  thickness 
increasing  with  increasing  H2S  or  S02  deposi¬ 
tion  rate. 


Ag?S  Thickness 
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Fig.  1  Secondary-electron  and  corresponding 
characteristic  X-ray  images  of  a  copper 
pit  (Bangkok.Work  shop,  3months) 
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Fig.  4  Ag2S  thickness  vs.  SO3  deposition 
rate  at  each  exposure  site. 


Fig. 2  AES  in-depth  profile  for  copper. 
(Tokyo  ,  Office,  1  &  3  months  ) 


Fig. 3  Ag^S  thickness  vs.  H2S  deposition 
rate  at  each  exposure  site. 
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The  Quarts  Crystal  Microbalance  (QCM)  method  has  the 
unique  capability  of  detecting  very  small  mass 
changes  of  metals  under  real  atmospheric  corrosion 
conditions.  In  a  recent  study  it  waLS  found  that  a 
mass  sensitivity  of  less  than  10  °  g/crn  could  be 
obtained  when  the  corrosion  kinetics  of  various 
metals  was  studied  under  in-situ  laboratory  exposure 
conditions  (1).  As  such,  the  method  is  a  most 
valuable  complementary  technique  to  other  surface 
sensitive  techniques  which  can  provide  information 
on  structure  or  chemical  composition  of  thin  layers 
of  corrosion  products,  such  as  Auger  electron 
spectroscopy.  X-ray  photoelectron  spectroscopy  or 
Fourier  transformation  infrared  reflection  absorp¬ 
tion  spectroscopy.  The  main  aim  of  the  present  work 
is  to  further  explore  the  possible  use  of  QCM  not 
only  under  laboratory  exposure  conditions  but  also 
under  field  exposure  conditions. 

The  QCM  method  consists  of  a  piezoelectric  quartz 
single  crystal  which  oscillates  at  its  resonance 
frequency.  By  deposition  of  very  thin  layers  of  the 
metal  to  be  investigated  on  both  sides  of  the  quartz 
crystal  it  is  possible  to  monitor  small  mass  changes 
of  the  oscillating  unit  by  measuring  the  change  in 
resonance  frequency  which  is  a  function  of  the  total 
mass  of  the  oscillating  quartz  and  metal  unit.  The 
mass  change  can  be  monitored  during  exposure  in  an 
atmospheric  corrosion  testing  apparatus.  The  QCM 
technique  and  the  apparatus  for  atmospheric  exposure 
tests  have  been  described  in  more  detail  elsewhere 
(1,  2). 

As  an  example  of  results  that  can  be  obtained  under 
laboratory  conditions  FIG.  1  illustrates  mass 
changes  of  nickel  -  which  was  electroplated  on  a 
thin  evaporated  gold  layer  on  quartz  -  during 
exposure  at  75%  relative  humidity  for  96  hours 
(curve  I).  After  96  hours  the  supply  of  humid  air 
was  terminated  which  resulted  in  a  significant 
decrease  in  mass  caused  by  the  loss  of  pbysisorbed 
water.  Curves  II  and  III  represent  two  independent 
studies  in  which  0.25  ppm  of  both  SO-  and  NO-  were 
introduced  simultaneously  after  24  nours  ot  ex¬ 
posure.  The  close  agreement  between  curves  II  and 
III  indicates  that  the  reproducibility  in  exposure 
and  measuring  conditions  are  acceptable.  From  curves 
I,  II  and  III  is  concluded  that  the  introduction  of 
both  SO-  and  NO-  under  present  conditions  results  in 
a  marked  increase  in  corrosion  rate.  This  rate  is  an 
order  of  magnitude  higher  than  if  SO-  or  NO-  is 
introduced  alone  (1).  Similar  result  have  oeen 
obtained  for  electroplated  tin  and  evaporated 
copper. 

Curve  IV,  finally,  represents  the  same  exposure 
conditions  as  in  curves  II  and  III  with  the  excep¬ 
tion  that  minor  amounts  of  a  vapor  phase  inhibitor, 
dicyclohexyl  ammonium  nitrite  (Dichan)  were  present 


during  the  whole  sequence  of  exposure  conditions.  As 
inferred  from  curve  IV,  the  presence  of  Dichan  seems 
to  suppress  not  only  the  corrosion  processes  caused 
by  SO-  and  NO-  (curves  II  and  III)  but  also  the 
interaction  ot  humid  air  with  the  nickel  surface 
(curve  I). 

Field  exposures  were  performed  in  two  storing  areas 
at  the  Nordiska  Musset,  Stockholm.  Both  museum 
environments  are  characterized  by  very  mild  cor¬ 
rosion  conditions  as  shown  by  separate  investi¬ 
gations.  The  mass  change  of  evaporated  silver  was 
monitored  during  exposure  in  both  storing  areas.  It 
is  concluded  that  a  mass  increase  of  0.2  ug/cm2, 
corresponding  to  only  one  day  of  exposure  can  be 
detected.  After  30  days  of  exposure  the  mass  in¬ 
crease  is  large  enough  to  be  estimated  also  with 
cathodic  reduction.  When  taking  into  account  the 
accuracy  of  both  methods  the  results  as  obtained 
from  QCM  and  from  cathodic  reduction  are  in  agree¬ 
ment  with  each  other. 

To  summarize,  the  QCM  method  can  provide  valuable 
information  on  atmospheric  corrosion  kinetics 
obtained  under  laboratory  as  well  as  under  field 
exposure  conditions. 

References: 

1.  Zakipour,  $.,  Leygraf.  C.  &  Portnoff,  G., 

J.  Electrochem.  Soc.,  133,  873(1986). 

2.  Zakipour,  S.  &  Leygraf,  C., 

J.  Electrochem.  Soc.,  133,  21(1986). 


Influence  of  Vapour  Phase  Inhibitor  (VPt) 


Ni.  75%  RH 


FIG.  l.  Mass  changes  of  electroplated  Ni  in  flowing 
air  at  25  C  and  75%  relative  humidity. 

The  filled  arrow  indicates  introduction  of 
SO-  and/ur  NO-,  and  the  open  arrow  indicates 
termination  oT  the  supply  of  gaseous 
pollutants  and  of  high  humidity  in  the 
flowing  air. 
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Copper,  used  extensively  in  the 
microelectronics  industry,  is  subject  to 
atmospheric  corrosion  and  tarnishing.  Such 
corrosion  can  lead  to  increased  contact 
resistance,  open  circuits,  problems  in 
soldering  processes,  and  additional  cleaning 
cycles  during  processing.  Inhibitors  are 
used  routinely  to  maintain  a  metallic, 
untarnished  appearance  on  the  copper.  A 
number  of  organic  compounds  have  been  used  as 
corrosion  inhibitors  for  copper  in  aqueous 
and  atmospheric  exposures  with  varying 
degrees  of  success1.  Two  that  appear  to  be 
particularly  effective  for  copper  are 
benzotriazole  (BTA)  and  tolyltriazole  (TTA) , 
which  significantly  decrease  the  copper 
dissolution  rate  in  aqueous  environments^ . 
we  are  investigating  the  mechanism  by  which 
these  organic  inhibitors  limit  oxidation,  the 
effect  of  atmospheric  pollutants  (NO2,  H2S, 
SO2,  and  H2O)  on  the  inhibition  efficiency, 
and  the  effect  of  the  inhibitors  on 
manufacturing  processes  such  as  soldering. 
Atmospheric  exposures  are  being  run  in  our 
Facility  for  Atmospheric  Corrosion  Testing 
( F  ACT )  which  allows  control  of  the 
contaminant  gasses  to  concentrations  ranging 
from  several  ppb  to  several  ppm. 

Work  on  Cu  inhibition  by  organic  inhibitors 
(benzotriazole,  BTA)  has  led  to  the 
development  of  a  model  that  describes  both 
the  inhibition  results  and  the  solderabi lity 
data  following  the  application  of  the 
inhibitor.  To  inhibit  the  corrosion 

reaction,  the  inhibitor  reacts  with  the  Cu 
surface,  to  form  a  thin  (<100  A)  layer  of  a 
Cu-BTA  complex.  The  BTA  molecule  is  bound  to 
two  Cu  atoms  through  the  nitrogen  lone  pair 
with  the  plane  of  the  molecule  approximately 
perpendicular  to  the  Cu  surface^.  In  this 
configuration  the  surface  Cu  atoms  can  be 
tied  up  in  the  Cu-BTA  complex  leaving  no  free 
surface  Cu  atoms  to  act  as  corrosion  sites. 
Both  inhibitors  reduced  the  oxidation  rate  of 
copper  at  elevated  temperature  and  humidity, 
with  application  from  an  aqueous  solution 
providing  better  inhibition  than  from  the 
methanol  solution.  When  exposed  to  70  C,  80% 
RH  air,  the  corrosion  film  on  the  inhibited 
samples  approached  a  limiting  thickness  after 
-100  days  while  that  on  the  as-cleaned 
samples  continued  to  grow.  At  127  days  the 
BTAwater  an^  BTAmethanol  inhibited  samples 
exhibited  weight  changes  that  were  43%  and 
34%,  respectively,  of  that  for  the 
uninhibited  samples. 

Auger  Electron  Microprobe  (AEM)  depth 
profiles  indicate  that  several  differences 
exist  between  the  cleaned  and  inhibited 
surfaces.  The  surface  oxygen  and  copper 
concentrations  are  considerably  lower  for  the 
inhibited  surfaces,  while  the  surface  carbon 
concent  rat i on  (C  is  present  in  the  organic 


inhibitor)  is  higher.  In  addition,  the 

copper  oxide  film  is  much  thicker  on  the 
cleaned  sample.  These  data  suggest  that, 
even  in  laboratory  air  at  room  temperature, 
BTA  is  effective  as  an  inhibitor  to 
oxidation.  They  are  also  consistent  with  the 
accepted  theory  that  BTA  reacts  with  CU2O  on 
the  surface  to  form  a  Cu-BTA  complex  which 
provides  the  inhibiting  action. 

In  the  soldering  process,  low  values  of 
surface  tension  and  contact  angle,  high 
wetting  rates,  and  a  short  time  to  90  degree 
turn-around  (T90)  indicate  good 

solderability .  When  the  inhibitor  is  applied 
to  the  surface,  the  surface  tension,  contact 
angle,  and  wetting  rate  decrease,  while  Tgp 
increases.  Contact  angle  and  surface  tension 
indicate  equilibrium  conditions,  and  T90  and 
wetting  rate  relate  to  kinetics.  These  data 
suggest  that  the  inhibitors  improve  the 
intrinsic  solderability  of  the  copper  by 
replacing  or  altering  the  surface  oxide,  but 
adversely  affect  the  kinetics  of  the 
soldering  process  because  the  inhibitor  must 
be  thermally  oxidized,  rendering  it 
ineffective  before  wetting  can  occur.  During 
the  soldering  operation,  the  temperature 
exceeds  200  C.  At  these  elevated 

temperatures,  the  BTA  is  unstable,  it  is 
oxidized  in  the  air  and  leaves  the  surface. 
As  it  is  removed,  the  resulting  surface  is 
essentially  bare  Cu,  which  is  soiderable.  We 
have  also  found  that  BTA  is  not  an  effective 
inhibitor  in  sulfur  containing  environments. 
We  are  pursuing  these  observations  in  order 
to  determine  the  mechanism  by  which  sulfur 
destroys  the  inhibiting  effect  of  BTA  on  Cu. 
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1 .  Introduction 

The  presence  of  non-noble  metals  In  gold  alloys  has 
a  strong  influence  on  its  corrosion  resistance,  espe¬ 
cially  its  tarnishing.  The  latter  process  is  attri¬ 
buted  to  the  formation  of  a  metal  sulfide  which  dark¬ 
ens  the  surface  of  the  metal  rendering  it  aestheti¬ 
cally  unacceptable.  The  tarnish  resistance  of  silver, 
copper  and  gold  alloys  has  most  often  been  tested  by 
exposing  samples  to  sulfide  containing  gaseous  envi¬ 
ronment  (1).  The  development  of  rapidly  performed 
electrocnemical  tests  in  predicting  the  tarnishing 
behavior  of  gold  alloys  would  be  of  great  interest. 
Polarization  measurements  have  been  used  recently  in 
sulfide-containing  electrolytes  in  attempts  to  ass¬ 
ess  the  tarnishing  of  dental  alloys  (2-4).  A  corre¬ 
lation  was  found  between  the  current  density  at  a 
given  potential  in  sulfide-containing  artificial 
saliva  and  the  non-noble  metal  content  in  the  alloy 
(3).  The  test  was  proposed  as  a  quantitative  method 
of  characterizing  the  tarnish  resistance.  While  seve¬ 
ral  invest1' gations  have  appeared  on  the  tarnish  re¬ 
sistance  of  gold  alloys  used  in  electronics  and  den¬ 
tistry  (1),  none  is  available  on  the  jewellery 
alloys. 

2.  Experimental  details 

Three  commercially  available,  10  urn  thick  alloys, 
roll-clad  on  0.5  mm  thick  AISI  430  ferritic  stain¬ 
less  steel  were  studied.  Their  typical  chemical  com¬ 
positions  are  shown  in  Table  I.  Comparative  measure¬ 
ments  were  also  performed  on  three  electroplated 
gold  coatings  deposited  on  AISI  304  austenitic  stain¬ 
less  steel.  The  thickness  and  compositions  are  given 
in  Table  II. 

The  as-received  roll-clad  samples  were  very  lightly 
mechanically  polished  with  1  urn  diamond  paste.  All 
samples  were  ul trasonical ly  washed  In  an  alkaline 
cleaner  followed  by  rinsing  In  water,  then  in  a  1:1 
acetone-1 sopropanol  mixture  and  dried  in  hot  air. 

The  apparent  surface  area  of  the  electrodes  were  bet¬ 
ween  0.5  and  4  cm  .  It  was  defined  with  an  epoxy  re¬ 
sin  and  an  acrylonitrile-styrene  varnish  covering 
the  back  of  the  samples  and  the  holder.  All  data  are 
given  with  respect  to  the  apparent  surface  area  of 
the  electrode. 

Quasi  steady-state  current  potential  curves  were 
automatically  recorded  using  a  10  mV  potential  step 
per  minute.  Cyclic  constant-current  chronopotentio- 
metrlc  measurements  were  usually  performed  with 
identical  anodic  and  cathodic  current  densities. 

3.  Results  and  discussion 

Potent^ ostatic  measurements: The  anodic  polarization 
of  the  various  aTloys  Investigated  in  IN  NaOH  sul¬ 
fide-free  solution  have  shown  that  the  background 
current  density  on  gold  alloys  in  the  sulfidation 
and  sulfide  oxidation  potential  range,  l.e.  at 
E<  0.2  V,  was  negligibly  small. 

The  cathodic  polarization  for  alloys  18,  14  and  14 
Zn  In  (^-saturated  IN  NaOH  solution  have  shown  that 
the  oxygen  reduction  reaction  occurred  at  potentials 
lower  than  0.18  V.  It  follows  that  any  anodic  reac¬ 
tion  which  takes  place  at  potentials  lower  than  0.18 
V  will  be  thermodynamically  possible  in  the  presence 
of  oxygen. 

The  Influence  of  the  sulfide  concentration  In  N^-sa- 
turated  IN  NaOH  electrolytes  is  shown  In  Fig.  IT  The 


presence  of  sulfide  shifted  the  equilibrium  poten¬ 
tial  and  the  first  rise  in  the  anodic  current  densi¬ 
ty  in  the  cathodic  direction  by  about  0,4,  0.5  and 
0.6  V  for  the  gold  alloys  tested  in  10"  ,  10 
and  10"A  M  Na2$  concentrations,  respectively. 

The  Influenced  the  gold  alloy  composition  on  the 
anodic  current  density  at  a  given  potential  is  shown 
in  Fig.  2.  Although  the  scatter  from  one  alloy  to 
the  other  was  quite  significant,  a  linear  log  i  vs 
non-metal  content  plot  denoting  an  exponential  rela¬ 
tionship  may  be  observed  in  IN  NaOH-contai ning  elec¬ 
trolytes.  In  0.26  M  NajS  there  was  also  a  correla¬ 
tion  between  the  current  density  and  the  non-noble 
metal  content  but  the  linear  log  i  vs  non-metal  con¬ 
tent  relationship  was  not  verified.  The  large  scat¬ 
ter  arose  at  least  partly  from  the  variety  of  non¬ 
noble  metals  present  in  the  alloys  investigated.  It 
may  be  seen  that,  for  a  given  gold  content,  the  cur¬ 
rent  density  between  -0.4  and  -0.1  V  was  lower  for 
the  18  ct  AuCuCd  than  for  AuAgCu  and  for  alloy  14  Zn 
than  for  alloy  14. 

Chronopotentiometric  measurements  :  Potential-time 
plots  corresponding  to  one  oxi^ation-reductioncycle 
for  an  oxidation  time  of  2  min  in  IN  NaOH  +  ICj  M 
Na^  are  shown  in  Fig.  3.  For  pure  silver  and  cop¬ 
per,  the  cathodic  charge  (Qc)  was  equal  to  the  ano¬ 
dic  charge  (Qa)  up  to  Qa  >10  mC/cm  .  It  followed 
that  the  product  of  the  anodic  reaction  remained  at 
the  electrode  surface.  Such  a  behavior  is  consistent 
with  the  sulfidati on-desulfidation  of  the  non-noble 
metals.  On  the  contrary,  for  gold  the  cathodic 
charge  was  constant  and  cUd  not  depend  on  the  anodic 
charge  up  to  Qa  >10  mC/cm  .  The  charge  imbalance 
arose  either  because  the  product  of  the  anodic  reac¬ 
tion  did  not  remain  at  the  gold  surface  or  oxidation 
proceeded  to  oxo  anions  of  sulfur  in  addition  to  the 
formation  of  sulfur  or  polysulfides  and  these 
species  were  not  reduced  on  the  return  scan. 

The  behavior  of  el ectrodeposi ted  gold  alloys  was  si¬ 
milar  to  that  of  pure  gold  (Fig.  3).  For  roll-clad 
gold  alloys  the  ratio  Qc/Qa  was  still  very  small,  in¬ 
dicating  that  a  significant  part  of  the  anodic  char¬ 
ge  was  used  for  the  sulfidation  of  the  non-noble 
metals.  By  contrast,  the  cathodic  charge  of  roll- 
clad  gold  alloys  slightly  increased  with  increasing 
anodic  charge.  The  higher  the  value  of  Qc  at  a  given 
Qa,  the  higher  the  increase  of  Qc  with  increasing 
Qa.  The  cathodic  charge  at  a  given  anodic  charge 
increased  from  one  alloys  to  the  other  in  the 
following  increasing  order  (see  Table  I  for  the 
abbreviation  of  the  alloys)  :  Au <  18 <  14  Zn<  14. 

4 .  Conclusions 

The  electrochemical  results  have  shown  that  the  sul¬ 
fidation  of  the  non-noble  metals  of  the  gold  alloys 
occurred  in  parallel  with  the  oxidation  of  sulfide 
ions.  Only  the  first  reactions  contributed  to  tar¬ 
nish  by  producing  insoluble,  adherent  and  colored 
sulfide  films,  while  the  oxidation  of  sulfide  led  to 
mainly  colorless  and  non-adherent  species.  Thus  the 
anodic  charge  reflects  only  to  a  minor  extent  the 
tarnfsh  level. 

The  occurrence  of  two  parallel  reactions  implies 
that  the  reaction  rate  of  the  former  cannot  be  In¬ 
creased  by  holding  the  potential  at  a  higher  value 
without  Increasing  also  the  rate  of  the  second  reac¬ 
tion.  This  is  the  reason  why  the  time  needed  to 
reach  a  visible  tarnishing  by  electrochemical  means 
is  roughly  similar  to  that  obtained  by  using  a  "che¬ 
mical  potentlostat",  l.e.  by  oxygenating  the  solu¬ 
tion.  For  both  experimental  conditions,  hours  are 
needed  to  get  a  color  change  well  visible  with  the 
naked  eye.  However  with  electrochemical  tests  there 
Is  no  need  to  reach  such  a  strong  tarnish  level 
since  more  sensitive  means  are  available  to  assess 
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the  tarnishing  rate. 

In  sulfide-containing  electrolytes,  the  current  den¬ 
sity  measured  at  a  properly  chosen  potential  of  the 
potentiostatic  scan  correlates  with  the  non-noble 
metal  content  of  the  alloy  (Fig.  2). 

The  tarnish  resistance  of  the  alloys  investigated 
was  found  to  decrease  in  the  following  order  : 

23F>  22E  > 18E  >  18  > 14  Zn  > 14 
The  ranking  is  mainly  determined  by  the  gold  content 
and  somewhat  modulated  by  the  silver  and  copper  con¬ 
centrations.  The  higher  the  silver  content,  the  high¬ 
er  the  tarnish  susceptibility. 
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Table  I  :  Composition  of  roll-clad  gold  alloys 


Alloy 

Composition 

(weight 

percent) 

Au 

Ag 

Cu 

Zn 

Ni 

18 

75.0 

16.0 

9.0 

_ 

_ 

14 

58.5 

29.2 

11.5 

0.3 

0.5 

14Zn 

58.5 

7.5 

24.0 

10.0 

- 

Table  II  :  Thickness  and  composition  of  electro¬ 
plated  gold  coatings 


Abbreviation  Coatings  Thickness  Composition 
(um) 


18E 

underlayers 

0.5 

Au 

main  layer 

7.0 

AuCuCd,  18  ct 

22E 

underlayers 

0.5 

Au 

1st  layer 

3.5 

AuCuCd,  18  ct 

topcoat 

3.0 

AuNI  22  ct  (hard 
gold) 

23F 

underlayers 

0.5 

Au 

1st  layer 

3.5 

AuCuCd,  18  ct 

topcoat 

3.0 

AuNI,  22  ct 
(hard  gold) 

flash  coloring  0.5 

AuNiln,  23  ct 

-log  I  (i  in  A/cm2) 


Fig.  1  :  Anodic  polarlzatloncurves  for  gold  alloys 
in  N9-saturated  IN  NaOH  +10  M  Na9S,  18  ( — ), 

14  (£--),  14  Zn  18E  22E  (...)  and  23F 

The  polarization  curves  for  pure  Au,  and 
Cu  are  also  shown. 


I  Au]  ( carat) 


Fig.  2  :  Plots  of  log  i  versus  non-noble  metal 
content  of  the  gold  alloys  In  anodic  polarization 
measurements  performed  in  N2-$aturated  IN  NaOH  + 
10  M  Na-S  at  E  =  -0.25  V  f<i),  IK  NaOH  +  0.1  M 
Na~S  at  E^=-0.35  V  (x)  and  in  0.26  M  Na,S  at  E  = 
-0.35  V  (o)  1 


Time  ( s  ) 


Fig.  3  :  Reverse-current  chronopotentlograms  a$3go1d 
alloys  electrodes  In  N?-saturated  IN  NaOH  +10 
M  NauS  at  constant  current  densities  between  15 
and  20  uA/cm  .  Same  symbols  as  in  Fig.  1 
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Abstract  No.  118 

The  Formation  of  Sulfuric  Acid  on  Gold  in 
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P.  Ericsson  and  L.-G.  Johansson 
Department  of  Inorganic  Chemistry,  Chalmers 
University  of  Technology  and  the  University 
of  Goteborg, 

S-41296  Goteborg,  Sweden. 

Introduction 

Synergistic  effects  on  corrosion  involving 
SO-,  NO-  and  water  vapour  have  been  studied 
an  this^laboratory  during  the  last  few  years. 
Svedung  et  al  ( 1 )  reported  on  the  formation 
of  sulfuric  acid  on  gold-plated  brass  in 
humid  air  containing  SO-  and  no2«  It  was 
assumed  that  the  stoichiometry  of  the  reac¬ 
tion  was  that  of  the  so-called  lead  chamber 
process: 

SO_  +  NTr>-  +  HnO  - >  H-SO.(aq)  +  NO(g) 

Later  th£  cortosion  effects  of  combinations 
of  SO j  and  N02  towards  different  metals  e.g. 
copper  and  steel  and  on  calcareous  building 
stones  have  been  investigated  (2,3) 

In  order  to  learn  more  about  the  nature  of 
the  SO-  -  N02  -  H20  interaction  on  surfaces 
this  investigation  was  started  which  focusses 
on  the  reactions  occur ing  on  pure  gold. 

Experiment 

The  experiments  were  performed  using  a  piece 
of  gold  foil  with  a  surface  area  of  20  cm. 
The  foil  was  suspended  on  a  gold  wire  in  a 
vertically  oriented  glass  cell  with  a  diame¬ 
ter  of  30  mm.  The  cell  was  immersed  in  a 
water  tank  thermostated  to  22.00  +-  0.03  °C. 
Through  the  cell  flowed  a  gas  mixture  made  up 
from  dried  and  purified  air,  water  vapour, 

S02  and  N02. 

Part  of  the  air  steam  was  saturated  with 
water  vapour  at  the  temperature  of  the 
exposure  cell.  Relative  humidity  was 
controlled  by  mixing  measured  amounts  of  dry 
and  humidified  air. 

The  trace  gases  were  added  from  permeation 
tubes  using  the  dry  air  as  a  carrier. 

In  order  to  minimize  apparatus/pollutant 
interactions  the  apparatus  was  made  from 
glass  and  teflon  only.  - 

The  rate  of  gas  flow  was  1.00  dnr  min 
resulting  in  a  net  wind  speed  of  2.4  cm  s  1 
in  the  cell.  S02  and  N02  concentrations  were 
0.50  and  0.65  ppm  respectively. 

The  gas  emanating  from  the  glass  cell  was 
analysed  simultaneously  for  S02,  NO  and  NOx 
throughout  all  experiments.  SO-  was  measured 
using  a  fluorescence  instrument  while  NO  and 
NO  were  analysed  by  an  instrument  based  on 
chimi luminescence.  Both  instruments  had  a 
sensitivity  of  1  ppb  and  a  time  constant  of 
one  minute.  The  two  instruments  were  coupled 
in  parallel  so  that  half  the  total  flow  was 
directed  through  each  analyser. 

In  this  way  S02  deposition  and  NO  evolution 
on  the  gold  foil  was  measured  quantitatively. 
Before  exposure  the  gold  foil  was  cleaned, 
the  last  step  consisting  of  a  heat-up  to  400 
°C  in  air.  The  foil  was  transferred  directly 
to  the  cell  after  heating. 

The  experiments  were  started  by  introducing 
the  gold  foil  into  the  cell. 

The  maximum  decrease  in  S02  concentration  due 
to  reaction  on  gold  amounted  to  less  than  15% 
of  the  total  amount  present. 


Results  and  discussion 
The  reaction  is  strongly  dependent  on 
humidity.  At  0%  r.h.  no  sulfuric  acid 
forms. The  rate  of  formation  increases  with 
humidity  and  reache§2a  maximum  at  90%  r.h. 
with  ca  0 . 9  ‘  10”  gcrn  h”  .  At  higher  humidity 
there  was  a  slight  decrease  in  the  rate  of 
sulfuric  acid  production.  The  rate  of  forma¬ 
tion  was  fairly  constant  on  the  time  scale  of 
these  experiments  (36  hours). 

Without  NO-  present  in  the  gas  H2SO.  did  not 
form  on  the  gold  surface  except  at  99%  r.h. 
where  minute  amounts  were  deposited. 

The  stoichiometry  of  the  N0-/S02  reaction 
varies  with  humidity.  The  H2S0.7N0  ratio  is 
close  to  unity  between  60  and  85%  r.h.  At 
higher  and  also  at  lower  humidity  NO  evolu¬ 
tion  is  less  than  it  would  be  according  to 
the  formula  given  above,  the  ratio 
apptoaching  two  in  some  cases . 

The  non-stoichiometry  of  the  reaction  may  be 
explained  if  the  reduced  N-0  species  formed 
in  the  reaction  with  S02  is  reoxidized  by 
oxygen  before  it  is  given  off  as  NO. 
Nonstoichiometry  at  high  humidity  may  also  be 
connected  to  the  slight  oxidation  of  S02  by 
oxygen  on  gold  detected  at  99%  humidity. 

The  effect  of  the  pretreatment  of  the  foil 
was  also  investigated.  The  activity  of  the 
gold  surface  decreases  rapidly  with  theQtime 
elapsed  between  the  heat  treatment  (400  C  in 
air)  and  the  start  of  the  experiment.  The 
amount  of  sulfuric  acid  formed  after  36  hours 
exposure  at  70%  r.h.  was  reduced  to  ca  25%  of 
the  original  by  aging  the  gold  foil  in  a 
desiccator  for  50  minutes  after  the  heat 
treatment.  The  great  importance  of  the 
pretreatment  for  the  formation  of  sulfuric 
acid  on  gold  indicates  that  the  reaction  is 
catalysed  by  the  gold  surface  itself. 
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It  is  of  interest  to  the  electrical  and  electronics  industries  to  understand  how 
fast  and  by  what  mechanisms  copper  tarnishes  at  ambient  temperature  and 
in  various  environment?!  conditions.  A  range  of  oxidation  rate  values  exists 
for  copper  in  air  at  300"  K.*1*  This  slow  rate  is  confused  by  trace  atmospheric 
impurities12*  and  the  simultaneous  form  at  ion /deposit  ion  of  other 
compounds. 

Electrolytic  grade  copper  busbars  with  exposures  ranging  from  2  to  as  long 
as  49  years  in  the  same  telephone  central  switching  office  site  have  been 
collected.  The  site  is  Jamaica,  NY,  a  heavily  populated  area  on  suburban 
Long  Island,  NY  and  is  within  3  miles  of  bodies  of  salt  water  to  both  the 
north  and  south.  The  five  story  building  was  air-conditioned  in  1958;  prior 
to  that  time  building  windows  were  opened  routinely  Busbar  samples  were 
removed  from  the  top  vertical  edge  of  electronic  equipment  frames  2.7  m 
from  the  floor  and  in  general  were  not  handled  after  the  initial  installation. 

Samples  0.5  cm  wide  were  shca'cd,  not  sawn,  from  the  center  of  0.5  X  2.5 
cm  cross-sectioD  bars  of  various  lengths.  Areas  with  obvious  human  contact, 
such  as  fingerprints  and  grease  spots  were  avoided.  After  shearing,  samples 
were  ultrasonically  washed  First  in  dichloromethanc  and  then  isopropyl 
alcohol.  After  washing  they  were  blown  dry  and  stored  covered  in 
laboratory  air. 

Before  and  after  washing,  the  sample  surface  color  ranged  from  bright 
copper  for  the  newer  samples  to  dirty  brown  copper  for  the  oldest  sample. 
On  any  given  sample  minor  shades  of  color  variation  did  exist.  NO  typical 
green  copper  patina  was  seen  on  any  of  the  samples  as  is  typical  of  samples 
exposed  out  of  doors.1** 

Samples  have  been  examined  by  Auger  electron  spectroscopy  and  argon  ion 
sputter  depth  profiling  for  elemental  surface  analysis  to  a  depth  of  9000  A 
or  less,  depending  on  the  thickness  of  the  nonmctallic  surface  film.  A  10 
keV,  20  namp  primary  electron  beam  was  used  for  analysis  in  the  stationary 
mode  on  a  spot  of  ~0.3  |im  diameter.  Multiple  spots  with  lighter  coloring, 
and  which  were  laterally  separated  by  millimeters  or  more  were  arbitrarily 
chosen  for  analysis  from  each  sample.  Two  samples,  separated  by  tens  of 
cm,  were  chosen  from  busbars  of  different  vintage  for  analysis. 

Surface  film  composition  was  similar  for  all  the  samples  examined,  differing 
only  in  film  thickness  and  the  ratio  of  C/Cu.  The  films  on  the  Cu 
substrates  consist  primarily  of  carbon  with  smaller  amounts  of  oxygen, 
chlorine,  sulfur,  and  nitrogen.  As  expected,  Cu  increases  monotonically 
from  the  surface  to  the  bulk  metal.  Nitrogen  is  only  located  in  the  top  few 
monolayers  of  (he  surface  and  is  at  maximum  concentration  at  the  surface. 
Cl  and  S  arc  dispersed  surprisingly  uniformly  through  (he  entire  surface  film 
and  decrease  linearly  with  depth.  Oxygen  concentration  reaches  a 
maximum  slightly  below  where  the  film  switches  concentration  from 
primarily  C  to  primarily  Cu.  A  typical  depth  profile,  atomic  concentration*4* 
versus  sputter  time,  for  the  49  year  old  sample  is  shown  in  Figure  1. 

Arbitrarily  defining  the  surface  film  to  penetrate  to  where  (he  Cu 
concentration  reaches  70%,  we  can  calculate  (he  relative  percentages  of  the 
elemental  composition  in  the  film. 

TABLE  I.  Average  thickness  and  percent  atomic  concentration. 


AGE 

THICKNESS 

c 

Cu 

O 

a 

3 

415  A 

35 

53 

8 

4 

31 

850  A 

49 

41 

8 

3 

49 

7900  A 

53 

35 

8 

4 

Note  that  as  the  films  lxrcome  thicker  with  age  the  concentration  of  C  in  the 
film  also  increases. 

Our  result'  d:fre.'  markedly  from  Opila’s  similar  analyses  on  outdoor 
exposed  samples  from  a  similar  geographic  region.*5*  All  of  Opila’s  samples 
<1-100  years  old)  had  oxygcn<  =  60  at.%)  as  the  major  elemental  component 
on  the  surface  and  negligible  amounts  of  carbon.  The  Cl  and  S 
concentrations  arc  comparable,  but  the  film  thicknesses  arc  from  5  to  60 


times  thicker  for  the  outdoor  exposure. 

Insufficient  oxygen  concentration  is  present  in  our  films  to  postulate  the 
formation  of  S  containing  minerals  such  as  brochanlitc,  antlcritc,  or 
posnjakite;  furthermore,  no  patina  was  observed.  If  one  assumes  that  the 
oxygen  signal  is  due  to  the  formation  of  primarily  Cu^O,  then  the  calculated 
cuprite  thickness  is  approximately  960  A  for  the  49  year  old  sample.  This  is 
substantially  higher  than  what  one  would  predict  for  simple  oxidation  in 
dean  air,  which  is  approximately  62  A.  However,  it  is  known  that  the 
presence  of  trace  amounts  of  pollutants,  specifically  reactive  chlorine,  will 
accelerate  the  oxide  formation  on  Cu.*2*  *'’1 

Although  the  indoor  exposed  samples  reported  on  in  this  paper  have  similar 
concentrations  of  S  and  Cl  as  outdoor  samples  from  similar  geographic 
locations15*,  the  total  film  thicknesses  arc  substantially  less.  This 
demonstrates  the  cfTect  of  building  shrouding  and  lack  of  surface  wetness 
effects.  The  C  content  of  the  indoor  surface  films  is  substantially  greater. 
This  demonstrates  the  effect  of  indoor  air  composition  and  implies  that  an 
indoor  source  of  carbon  compounds  is  present  in  the  building. 
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BES  PROFILE 


FIGURE  1.  AES  depth  profile  of  a  washed  Cu  sample  had  been  installed 
in  a  Jamaica,  NY  telephone  office  in  1939.  For  (he  conditions  used  the 
calibrated  sputtering  rate  was  113A/min  on  SiO j.  This  was  the  thinnest 
film  found  on  49  year  old  busba;  samples,  the  thickest  film  was  1.6  times  as 
thick.  Only  the  Cl  signal  is  shown  hut  S  is  also  present  with  similar  intensity 
Trace  surface  N  is  also  omitted.  Analysis  of  the  raw  data  counts  shows  that 
the  O  intensity  reaches  a  maximum  well  below  the  initial  surface,  as  is 
indicated  in  the  figure. 
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Introduction 


The  role(s)  of  alloying  elements  in  modifying  the 
resistance  of  structural  metals  to  general  and  local 
corrosion  is  not  fully  understood,  to  the  extent  that 
corrosion  resistant  alloys  cannot  be  designed  from 
first  principles.  The  development  of  this  capability 
must  await  more  detailed  knowledge  of  the  structural 
and  electronic  properties  of  the  thin  passive  films 
that  grow  on  corrosion- resistant  metals  and  alloys. 


In  this  study,  we  investigated  the  segregation  of 
Al  + .  Ti^*+,  and  Mo”+  into  the  passive  films  that  form 
on  the  dilute  binary  alloys  Ni-X(X-Al,  Ti,  Mo)  under 
potentiostatic  conditions. 


Experimental 

Passive  films  were  grown  on  various  Ni-Al,  Ni-Ti, 
and  Ni-Mo  alloys  under  potentiostatic  conditions  (mV 
vs.  SCE)  in  0  5m  H3BO3  +  0.25  m  KOH  at  25’C  (pH  - 
9.2).  The  elemental  compositions  of  the  films  and  the 
base  alloys  were  then  determined  on  two 
spots  (-1  mm  x  1  mm  diameter)  on  the  surface  using 
SAL1  (Surface  Analysis  by  Laser  Ionization).  This 
technique  provides  quantitative  elemental  analyses  by 
mass  spectrometry  of  completely  (laser)  ionized 
ablated  material  just  above  the  surface. 

Results  and  Discussion 

Plots  ot  the  enrichment  tactor  (Xf iln/Xalloy^ 
versus  alloy  composition  (X,  %  relative  co  nickel)  for 
the  binary  alloys  is  shown  in  Figure  1.  While 
considerable  scatter  exists  in  the  data  for  Ni-Mo 
alloys,  possibly  reflecting  an  inhomogeneous  surface 
composition,  the  enrichment  factors  are  in  the  order: 
Mo>Ti>Al.  Assuming  that  the  oxidation  states  for  Mo, 
Ti ,  and  Al  are  +6,  +4,  and  +3  it  is  clear  that  the 
most  strongly  segregated  alloying  element  is  that  with 
the  highest  charge. 

The  above  data  can  be  interpreted  in  terms  of  a 
model  which  assumes  that  segregation  results  from 
competition  between  the  host  metal  (MA)  and  the 
alloying  element  (XA)  in  the  alloy  for  catLon 
vacancies  as  the  metal/film  interface  passes  through 
the  metal  phase.  This  competition  can  be  described  by 
the  following  reactions 


xa  *  vS'  —  4S'X>*  ♦ 


where  is  an  alloying  element  Ion  substituted 

into  a  cation  vacancy  in  the  film  and  *  and  6  are  the 
oxidation  states  of  the  host  cation  (e.g.,  NiZ+)  and 
solute  (e.g..  Mo  +),  respectively.  Assuming  quasi- 
equilibrium  at  the  metal/film  Interface  we  derive  the 
segregation  factor  as 

Nv0expl (6-*)((0.5-a)V  +  eF^F/RT) 

St  "  if*  lVf6  expl(«-*)[(0.5-a)V+,Fv]F/RT)-Val[XAl 


where  Nv  is  Avogadro ’ s  number,  a  is  the  dependence  of 
the  potential  difference  across  the  film/solution 
interface  on  the  applied  voltage,  and  are  the 
racial  volumes  per  cation  of  the  alloy  and  the  film, 
respectively,  <  is  the  electric  field  strength,  Fv  is 
a  constant,  and  XA  is  concentration  (No./cnr)  of  the 
solute  element  in  the  alloy.  The  parameter  0  is  a 
function  of  the  dielectric  constant  of  the  film, 
amongst  other  quantities.  Provided  -L.-L  a  v  0.5  (1), 
and  since  6>x,  equation  (3)  predicts  that  the  more 
hi ghly - charged  solutes  are  the  most  strongly 
segregated  into  the  film,  as  observed.  Segregation  is 
also  facilitated  by  a  high  film  dielectric  constant, 
as  indicated  by  an  analysts  of  0. 
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Previous  work  on  the  anodic  behavior  of  Fe  in 
acid  and  neutral  sulfate  and  perchlorate  solutions 
has  shown  that  a  prior  surface  oxide  film  is  required 
for  efficient  passivation  (1-4) .  After  complete 
cathodic  reduction  of  the  prior  film,  very  large 
anodic  charges  are  passed  before  passivation  occurs. 
In  this  case,  the  passivation  process  relies  on  the 
formation  of  a  salt  film  at  the  electrode  surface. 

As  leas  and  less  of  the  prior  film  ia  cathodically 
removed  before  the  anodic  potential  step,  the 
efficiency  of  passivation  increases  from  <<1%  to 
values  approaching  100%.  Although  it  has  been 
suggested  that  the  remainder  of  the  original  oxide 
film  might  somehow  interact  with  the  developing  salt 
film  and/or  act  as  nuclei  for  passive  film  formation 
in  sulfate  (2,4),  there  was  no  direct  evidence  that 
this  was  the  case.  In  the  present  work.  SIMS 
analysis  in  conjunction  with  1S0  labelling  of  the 
oxide  film  is  used  to  establish  directly  whether  any 
of  a  non- reduced  oxide  film  remains  on  the  surface 
after  a  potential  step  passivation  in  sulfate. 

Experimentally,  a  passive  film  2.65  nm  thick 
containing  10%  10O  was  prepared  by  stepping  the 
potential  of  an  oxide- free.  cathcdically  reduced  Fe 
electrode  to  0.42  V  (SCB)  for  5  rain.  The  solution 
used  to  prepare  this  standard  prior  film  was  pH  0 . 4 
borate  buffer  enriched  in  10O  to  10%  (5.6).  The 
sample  was  then  transferred  to  a  pH  8.4  (0.15N) 

Na2S0*  solution  and  cathodically  reduced  to  various 
extents  at  20  |iA  cm'2,  after  which  the  electrode  was 
either  removed  from  solution,  or  the  potential 
stepped  to  0.42  V  (SCE)  and  the  anodic  current- time 
response  recorded.  All  samples  were  analyzed  for  iaO 
by  SIMS.  The  unreduced  sample  had  a  thickness  of 
2.65  nm  and  a  constant  180  enrichment  level, 
representative  of  the  solution  enrichment,  and  was 
therefore  used  as  a  standard  (6) .  The  amount  of 
oxide  remaining  on  the  surface  after  treatment  in 
Na2SC>4  was  calculated  from  the  decrease  in  180  as 
described  previously  (6) .  Passivation  in  the  sulfate 
solution  without  any  cathodic  reduction  of  the  prior 
film  does  not  result  in  any  lose  of  this  prior  film, 
consistent  with  the  fact  that  only  a  very  small 
amount  of  anodic  charge  flows.  On  the  other  hand, 
complete  reduction  of  the  prior  fi-'."'  results  in  a 
decrease  of  the  10O  enrichment  level  to  the  natural 
abundance  of  0.2%,  indicating  that  all  of  the  prior 
film  has  been  removed.  Between  these  two  extremes, 
there  is  a  range  of  extents  of  removal  of  the  prior 
paBBive  film.  Importantly,  there  is  no  change  in  the 
equivalent  thickness  of  the  prior  film  remaining  on 
the  surface  before  and  after  the  potential  step  in 
Na2S04.  This  is  true  even  when  very  large  anodic 
charges  flow,  and.  correspondingly,  the  initial 
anodic  currents  are  very  high.  Clearly,  significant 
amounts  of  oxygen  from  the  prior  film  can  remain  on 
the  surface  even  during  a  very  inefficient 
passivation  in  sulfate,  and  do  control  the  efficiency 
of  passivation  (4) .  The  importance  of  this  result  is 
that  it  is  a  direct  observation  of  surface  oxide 
persisting  during  the  high  rate  dissolution  of  Fe  in 
neutral  sulfate.  The  fact  that  the  remaining  oxide 
can  control  the  efficiency  of  passivation  has 
considerable  relevance  for  the  corrosion  and 
passivation  of  Fe. 

The  passivation  of  iron  has  also  been  studied 
in  acetate,  borate  and  phthalate  solutions  using 
cyclic  voltammetry  and  potential  -  step  anodization 
techniques.  Special  attention  is  given  to  the 
existence  of  a  pre-passive  film  on  the  surface, 
corresponding  to  -  2  nm  of  a  YP*2°3  oxide  film. 


While  large  anodic  dissolution  currents  can  be 
sustained  even  in  its  presence,  this  film  does  appear 
to  be  an  important  precursor  for  highly  efficient 
potential  -  step  passivation.  The  persistence  of  this 
film  during  rapid  anodic  dissolution  is  studied  and 
the  results  are  compared  with  those  obtained  upon 
passivation  in  BUlfate  solutions  with  prior  films 
remaining  on  the  surface.  The  requirements  for 
efficient  passivation  of  iron  in  different 
environments  is  discussed  in  light  of  the 
electrochemical  and  surface- analytical  results. 
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The  technique  of  Second  Harmonic  Generation  (SHG)  as  a 
surface  analytical  tool  has  progressed  to  the  point 
where  scientific  Information,  not  easily  observed  by 
other  means,  can  be  obtained  for  systems  such  as  metal 
surfaces  undergoing  electrochemical  reactions.1 
Despite  extensive  study,  the  compositional  and  struc¬ 
tural  details  of  the  passive  oxide  layer  on  Iron  are 
not  well  understood.  SHG  Is  extremelv  sensitive  to 
compos  1 1 1 ona  1  changes  as  an  Iron  electrode  Is  cycled. 
Resonance  enhancement  of  the  SHG  signal  can  be  corre¬ 
lated  with  the  expected  electronic  spectroscopy  of  the 
various  Iron  oxide  species  believed  to  he  present.  In 
addition,  by  using  an  incident  frequency  for  which  no 
resonance  enhancement  Is  observed,  changes  in  the  SHC 
signal  can  be  interpreted  as  due  to  charging.  This 
provides  further  information  about  the  electrical  pro¬ 
perties  of  the  film.  By  comparing  the  SHG  results  for 
the  iron  electrochemical  system  with  previous  models 
of  the  Iron  passive  layer,  new  understanding  about  the 
composition  of  this  system  has  been  realized. 

SHG  intensity  as  a  function  of  potential  Is  plotted  In 
Fig.  1  for  cycling  an  Fe  electrode.  The  top  curve 
represents  the  current  and  shows  the  well-known  waves 
associated  with  oxidation  and  reduction  of  iron.  The 
second  curve  shows  the  SHG  Intensity  using  l.Oh  u 
(detecting  332  nm)  light  as  the  fundamental.  We 
believe  that  surface  charging  contributes  signifi¬ 
cantly  to  the  SHG  Intensity  In  the  1.06  v  SHG  experi¬ 
ment.  On  the  other  hand,  resonance  enhancement  is 
largely  responsible  for  the  Intensity  in  the  332  nm 

SHG  experiment.  The  lower  curve  displays  the  SHG 

Intensity  using  532  nm  light  as  the  fundamental 
(detecting  266  nm). 

These  data  are  largely  consistent  with  the  "chemi - 
conductor"  model  proposed  by  Cahan  et  al.?  The 
results  lend  support  to  and  will  be  discussed  in  terms 
of  this  mode  1 . 

The  use  of  Fe  single  crystals  takes  advantage  of  the 
tensor  nature  of  the  SHG  experiment  to  provide  struc¬ 
tural  information  about  the  passive  oxide  layer  on 

Iron.  The  SHG  intensity  can  he  monitored  as  the 
sample  is  rotated  about  the  surface  normal,  and  the 

resulting  pattern  reveals  the  symmetry  of  the  inter¬ 
face  being  observed.  In  the  absence  of  resonance 
interactions  the  SHG  pattern  for  the  Fe(110)  surface 
reveals  its  bilateral  symmetry  (Fig.  2).  »y  coupling 
lo  an  electronic  resonance  of  a  surface  species  thp 
three-fold  symmetry  of  the  air-formed  oxide  is 
revealed.  This  represents  the  first  measurements  of 
the  structure  of  thin  oxide  layers  on  Iron  outside 
ultrahlgh  vacuum.  Studies  are  In  progress  to  extend 
this  work  to  UHV  and  electrochemical  environments. 


*Work  supported  by  the  U.S.  Department  or  F.nergy,  BES- 
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Fig.  1. 

Current  and  SHG  intensity  as  .1  function  of  potential 
fol  u.«  v.  ...udf  "cling  at  2  mV/s  in  t'.l  M  N.iOH. 

The  top  line  Is  the  current.  The  middle  scan  Is  SHG 
signal  using  l  .06  p  laser  light  as  the  fundamental 
(Intensity  scale  is  on  the  left).  The  bottom  scan  is 
SHG  Intensity  using  512  nm  laser  light  (scale  is  on 
the  ri  ght  ) . 
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SHC  Intensity  (plotted  radially)  as  a  function  of  the 
angle  of  rotation  about  the  surface  normal  for  an 
Fe(llO)  surface  In  air.  The  top  spectrum  reveals  the 
3-fold  symmetry  of  the  surface  oxide  observed  when  the 
detected  polarization  Is  perpendicular  to  the  Incident 
polarization.  The  lower  spectrum  shows  the  bilateral 
symmetry  of  the  Fe(110)  surface  observed  when  the 
detected  polarization  Is  parallel  to  the  Incident 
pol ar 1 zat I  on . 
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A  method  for  studying  passive  layers 
using  x-ray  absorption  spectroscopy  that 
has  a  particular  sensitivity  to  surface 
layers  is  the  measurement  of  reflectivity 
as  a  function  of  incident  photon  energy 
and  grazing  angle.  The  data  analysis  in 
this  case  is  complicated  by  the  fact  that 
the  absorption  coefficient  is  less  simply 
related  to  the  reflectivity  than  it  is  to 
the  fluorescence  (x-ray  or  Auger  electron) 
signal.  The  advantages  of  this  technique 
called  ReflEXAFS  (1)  are  that  the  surface 
sensitivity  is  very  good  and  the  signal- 
to-noise  is  excellent.  We  have 
developed  theoretical  and  experimental 
approaches  enabling  the  study  of  passive 
films  and  applied  them  to  the  study  of  the 
passive  films  that  form  on  iron  and  iron- 
chromium  alloys  in  a  borate  buffer 
solution . 

Under  the  ’’total"  reflection 
conditions  used  in  ReflEXAFS,  there  is  no 
wave  propagating  in  the  medium.  Instead 
there  are  waves  of  varying  amplitude 
(evanescent  waves)  present  which  decrease 
with  increasing  penetration.  These  waves 
enter  the  medium  and  then  emerge  again 
from  the  same  surface.  The  1/e 
penetration  depth  can  be  calculated  and  we 
have  calculated  that  for  angles  smaller 
than  the  critical  angle  the  penetration 
depth  in  the  chemical  system  we  are 
investigating  for  photon  energies  up  to 
800  eV  would  be  less  than  3  nm.  Films 
thicker  than  this  will  appear  to  be  semi- 
infinite  insofar  as  refl-EXAFS 
measurements  are  concerned  and  problems 
with  thin  film-bulk  surface  interference 
effects  are  avoided. 

Compositional  Effects  of  Cr  in 
Passive  Film-  on  Fe  and  Fe-Cr  Al’oys 

Near  edae  x-ray  absorption  fine 
structure  (NFKAFF )  was  applied  to  the 
study  of  the  compositional  effects  of 
chromium  additions  to  the  passive  film  via 
chromate  passivation  to  examine  the 
valance  state  of  the  chromium  that  is 
present  in  oxide  layers  on  iron  or  iron- 
chromium  alloys. 

Results  found  for  the  3  nm  passive 
film  on  iron  formed  in  a  chromate 
passivating  solution  by  exploiting  the 
surface  sensitivity  of  a  newly  developed 
photocathode  grazing  incidence  detector. 
Although  a  rather  small  amount  of  Cr  was 
present  in  this  thin  film,  there  were  some 
indications,  which  have  to  be  evaluated  by 
further  measurements,  that  Cr(VI)  was 
present  in  the  surface  layers.  The 


quality  of  the  data  obtained  during  a 
single  30  min  scan  on  a  sample  with  an 
approximate  monolayer  of  Cr  attests  to  the 
sensitivity  of  the  new  technique. 

Electronic  properties  of  passive 
films  on  Fe  and  Fe-Cr  alloys 

ReflEXAFS  measurements  at  the  oxygen 
K-edge  have  been  carried  out  on  thin  films 
formed  on  pure  iron.  Since  the  oxygen  K- 
edge  and  the  Fe  Lyj  yjj  edges  are  only 
about  170  eV  apart, 'these  data  are 
generally  not  optimal  for  EXAFS  analysis, 
but  they  can  be  very  useful  for  the  study 
of  near  edge  (NEXAFS)  fine  structure  which 
provides  information  about  electronic 
transitions. 

The  oxygen  near  edge  structure  of 
thin  films  formed  in  nitrite  and  chromate 
and  in  borate  borate  buffer  by  anodic 
polarization  have  been  measured.  Althouqh 
a  more  detailed  analysis  is  currently  in 
progress,  it  is  immediately  evident  that 
the  films  formed  in  borate  buffer  and 
nitrite  solutions  are  electronically 
closely  related  because  of  the  appearance 
of  a  similar  excitonic  feature  on  the 
absorption  edge  (Fig.  1) .  For  the  film 
formed  in  chromate,  three  features  are 
evident  on  the  oxygen-K  absorption  edge  in 

Fig.  1.  We  have  shown  earlier  that 
chromium  is  present  in  the  passive  film  on 
Fe  formed  in  chromate  passivation  solution 
(2)  .  Since  there  is  oxygen-bonding 
between  O-Fe  and  O-Cr,  it  is  natural  to 
assume  that  the  additional  features  are 
due  to  the  O-Cr  bonds.  Further,  the  O-Fe 
feature  is  shifted  to  slightly  higher 
energy. 

The  oxygen  K-edge  spectrum  measured 
for  the  air  formed  film  on  Fe  looked  very 
similar  to  the  spectrum  from  the  nitrite- 
formed  film,  with  the  excitonic  peak  less- 
pronounced  than  in  the  borate  case.  Only 
when  the  films  were  produced  under 
potentiostat ic  control  in  borate-buffer 
solutions  were  we  able  to  reduce  the  air- 
formed  film.  (Of  course,  the  time  in  air 
was  kept  to  minimum  for  the  passivating 
solution  preparations.) 

Since  chromium  ions  were  present  in 
the  chromate- formed  film  on  pure  iron,  it 
was  natural  to  compare  these  results  with 
films  formed  on  Fe-Cr  alloy.  The  data  on 
films  formed  in  borate  on  Fe-14%  Cr  and 
Fe-24%  Cr  showed  differences  with  films 
formed  in  chromate  on  iron.  The  edge 
structure  of  the  film  on  Fe-14%  Cr  was 
more  similar  to  that  of  a  film  on  Fe 
formed  in  borate  than  for  a  film  formed  in 
chromate  (Fig.  2).  The  film  on  Fe-24%  Cr 
showed  even  less  edge  structure.  Because 
the  air-formed  film  could  not  be  reduced 
from  the  alloy,  we  were  concerned  that 
these  effects  might  be  due  to  that,  but 
the  edge  structures  for  the  Fe-Cr  alloys 
are  less  pronounced  than  for  an  air-formed 
film  on  iron. 


Effect  of  chloride  during  breakdown 
induction  period 

When  chloride  ions  are  added  to  the 
solution,  the  edge  structures  change 
further  (Fig.  2) .  Even  though  we  have  not 
analyzed  these  data  in  detail  for  Fe-14% 
and  Fe-24%  Cr  as  yet,  we  find  the  fact 
that  the  edge  structure  changes  can  be 
detected  to  be  very  encouraging  because 
the  structural  effects  in  the  early  part 
of  breakdown  are  subtle  (see  arrows  in  Fig 
2).  Therefore  it  appears  that  the 

electronic  effects  occurring  during 
breakdown  are  clearly  visible  for  the 
passive  layer  on  the  alloy  Fe-14%  Cr  (Fig 
2).  Virtually  no  effects  due  to  Cl“  was 
found  for  the  Fe-24%  Cr  alloy.  This  is 
not  too  surprising  since  optical  studies 
by  McBee  and  Kruger  (2  )  found  that 
breakdown  effects  are  much  less  pronounced 
and  take  much  longer  times  to  become 
evident  as  the  Cr  content  increases. 
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Fig.  2  The  effect  on  the  near  edge  structure 
by  the  addition  of  chloride  ions  on  the  anodic 
film  formed  on  Fe-l43Cr  in  borate  buffer. 


Energy  (eV) 

Fig.  1  The  oxygen  near  edge  structure  of  nassive 
fLlms  formed  on  Fe  in  nitrite  and  chromate 
solutions  and  in  borate  buffer  by  anodic  polar¬ 
ization. 
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Nickel  is  an  element  of  tremendous 
technological  importance  because  of  its 
mechanical  and  catalytic  properties,  in 
addition  to  its  ability  to  resist 
degradation.  Nickel's  resistance  to 
dissolution  is  attributable  to  the  formation 
of  a  passivating  film.  Therefore  the  nature 
and  composition  of  the  film  is  of 
considerable  interest,  and  has  been  examined 
by  numerous  investigators  and  techniques. 
Unfortunately,  there  is  considerable 
controversy  in  the  literature  regarding  both 
the  passivation  potentials  and  the  species 
responsible. 

In  this  study  the  surfaces  of  pure 
(99.999%)  polycrystalline  Ni  (Materials 
Research  Corp.)  were  examined  with  X-ray 
photoelectron  spectroscopy  (XPS)  at  six 
photoelectron  take-off  angles;  10°,  20°,  30°, 
4  0°,  50°  and  60°,  measured  with  respect  to 
the  plane  of  the  sample  surface.  Decreasing 
the  angle  of  take-off  enhances  the  signals 
obtained  from  the  outermost  regions  of  the 
surface  (1),  Separate  freshly  prepared  Ni 
electrodes  were  analyzed  following  various 
surface  treatments  which  are  as  follows; 
mechanical  polishing,  cathodic  polarization, 
and  anodic  polarization  at  active,  passive 
and  transpassive  polarization.  The  primary 
electrolyte  utilized  was  deaerated  0.1M 
H2S04.  All  specimens  were  transferred  to  the 
vacuum  system  anaerobically  to  prevent 
further  modification  of  the  electrochemically 
formed  species. 

The  primary  motivation  behind  this  study 
was  to  determine  how  consistently  well 
variable  angle  XPS  can  describe  the  physical 
state  of  the  surface  following  passivation 
and  dissolution.  The  data  yielded 
information  regarding  the  morphology  of  the 
film  including  the  distribution  of  S  within 
it.  In  addition,  following  the  work  of 
Fadley  (2),  the  variable  angle  data  also 
provided  surface  roughness  information.  A 
surface  roughness  index  was  assigned  to  each 
of  the  cases  examined.  A  knowledge  of  the 
physical  state  of  the  surface  is  essential  in 
developing  a  model  to  accurately  predict  the 
dissolution  process. 

The  results  obtained  here  indicate  that 
passive  and  transpassive  Ni  surfaces  are 
composed  of  a  bilayer  film,  consisting  of  an 
NiO  inner  layer  and  Ni(0H)2  outer  layer.  The 
prepassive  or  active  Ni  surface  was  observed 
to  consist  solely  of  Ni(0H)2.  While  these 
finding  are  consistent  with  some  (3),  they 
are  contradictory  with  others  (4) . 
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TEM  studies,  performed  by  Thompson  and 
Wood,  on  the  growth  of  porous  layers  in 
sulphuric  and  phosphoric  acid  permitted  a 
detailed  description  of  the  initial  barrier 
layer  formation  and  pore  initiation  processes 
[1].  The  films  were  basically  formed  upon 
electropolished  aluminium  surfaces  to  obtain 
reproducible  flat  surfaces.  Such  studies 
pointed  out  that  the  dimensions  of  the  porous 
structure  are  dependent  on  the  anodizing 
conditions.  More  specifically  it  was  found 
that  pore  and  cell  diameter  and  barrier  layer 
thickness  are  in  proportion  to  the  anodizing 
voltage. 

Additionally,  the  composition  and  roughness 
of  the  aluminium  substrate  may  have  an 
influence  on  the  anodic  oxide  film  formation. 

Although  a  significant  part  of  the  literature 
deals  with  the  growth  of  the  porous  layer, 
little  information  is  available  about  the  role 
of  the  substrate  roughness.  Roughness  is  of 
practical  importance  in  many  industrial 
applications  such  as  in  preparing  lithographic 
printing  plates  and  electrolytic  aluminium 
capacitors . 

This  part  of  the  study  was  focused  on  the 
growth  of  the  porous  layers  on  relatively 
rougher  surfaces,  prepared  by  two  different 
industrial  pretreatment  processes:  rolling 
and  AC  electrochemical  etching.  During  AC 
e lect rogra ining,  the  aluminum  is  polarized 
under  alternating  current  conditions  in  an 
electrolyte  such  as  hydrochloric  acid,  which 
assists  in  the  controlled  production  of  a 
relatively  high  population  density  of  pits  in 
the  presence  of  chloride  anions  which  are 
aggressive  to  the  aluminium  metal  [2,3,4]. 
Such  treatments  tend  to  introduce 
topographical  and  compositional 
heterogeneities  on  the  A1  surface. 

The  different  AI2O3  interfaces  were 
examined  by  means  of  high  voltage  electron 
microscopy  at  an  accelerating  voltage  of  1000 
kev.  Cross-sectional  specimens  of  the 
anodized  samples  were  obtained  with  a 
completely  different  sample  preparation 
technique,  based  on  sawing  and  subsequent  ion 
thinning  of  the  sample,  in  contrast  to  the 
commonly  used  ultramicrotome  [2].  The 
discussion  of  the  results  allows  comparison  of 
the  two  techniques. 


The  transient  potent i al -t ime  curves, 
obtained  during  the  growth  of  the  porous 
layers  allow  differentiation  between  different 
pretreated  aluminium  surfaces.  This  is 
illustrated  in  figure  1  for  the  growth  of  a 
porous  film  in  phosphoric  acid  on  respectively 
rolled  and  AC  etched  aluminium,  with  and 
without  cleaning  of  the  etch  products.  The 
corresponding  HVEM  observations  are 
represented  in  figure  2  a  and  b.  Examination 
of  the  different  morphologies  proved  that  the 
steady-state  anodic  film  morphology, 
consisting  in  hexagonal  cells  with  a  central 
pore  is  valid  on  all  treated  aluminum 
substrates.  The  initial  non-steady-state 
situation,  during  which  the  incipient  pores 
are  formed,  is  found  at  the  outer  surface  of 
the  oxide  film.  The  initiation  of  these 
incipient  pores  is  related  with  the  aluminium 
substrate  morphology,  induced  by  the 
pretreatment  process.  Figure  3  shows  for 
example  the  morphology  of  the  incipient  pores 
on  a  rolled  aluminium  substrate.  Extensive 
and  quicker  pore  initiation  occur  above  these 
lines  present  on  the  rolled  aluminium  surface. 
If  the  aluminium  surface  is  smut  with  etch 
products,  inhibition  of  the  initial  anodic 
film  formation  is  noted.  The  remnant  of  the 
etch  products  are  found  at  the  outer  surface 
of  the  oxide  film  (figure  4) . 


Acknowledgement 

Authors  greatfully  acknowledge  Agfa  Geveart 
for  financial  support. 

References 

1.  Thompson,  G.E.  and  Wood,  G.C.,  "Anodic  Films 
on  Aluminium",  Chap. 5  "Treatise  on  Material 
Science  and  Technology",  ed  Scully, J.C., 
Academic  Press,  London,  Vol.  23  (1983)  p. 
205. 

2.  Terryn,  H.  ,  Vanhellemont,  J.  ,  Vereecken 

J.,  Van  Landuyt  J. , "Aluminium  Surface 
Treatments  Technology",  eds .  Alwitt,  R.S. 
and  Thompson,  G.E.,  E lect rochem . S oc . 

, Pennington  (1986)  p.291. 

3.  Terryn,  H.,  Vereecken,  J.  and  Thompson, 
G.E.,  to  be  published 


180 


Abstract  No.  126 


On  the  Influence  of  Surface  Nitrides 
on  Anodic  Kinetics 

R.D.  Willenbruch,  M.  Oversluizen 
and  C.R.  C  lay  ton* 


Department  of  Materials  Science 
and  Engineering 

State  University  of  New  York  at 
Stony  Brook 

Stony  Brook,  New  York  11794 


Surface  nitrides  have  been  generated 
on  the  surface  of  high  purity  samples  of 
Fe,  Cr,  Ni  and  Mo  and  on  the  surface  of 
types  304,  317LX,  904L  and  AL6X  stainless 
steel.  The  technique  employed  cathodic 
reduction  of  the  pre-existing  surface  oxide 
films  in  0.1M  HC1  followed  by  continued 
cathodic  polarization  following  addition  of 
0.5M  NaNOo.  The  reduction  of  NO3"  to  N'*" 
results  in  surface  nitride  formation. 
Anodic  polarization  was  then  performed  in 
deaerated  0.1M  HC1  to  determine  the 
influence  of  the  surface  nitride  on  the 
anodic  kinetics.  XPS  analysis  of  the 
nitride  surfaces  following  cathodic 
treatment  and  anodic  scanning  to  OmV  (SCE) 
was  performed  in  order  to  determine  the 
nature  and  degree  of  retention  of  the 
surface  nitride.  The  mechanism  by  which 
surface  nitrides  modify  the  anodic  kinetics 
of  pure  metals  and  stainless  steel  is 
discussed. 
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It  is  commonly  experienced  that  cell  impedance  in 
the  high  frequency  (H.F.)  range  (f  >  10  kHz)  exhibits 
beyond  the  series  electrolyte  resistance  Re  one  or 
several  loops  irrelevant  to  the  electrode  process  (1, 
2,  3,  4).  In  low  conductivity  media  encountered  in 
spreading  corrosion  studies  (natural  waters,  organic, 
...)  these  relaxations  overlap  the  faradaic  range 
thus  making  interpretation  of  data  extremely  questio¬ 
nable  (3).  This  problem  was  dealt  with  here  in  the 
framework  of  the  corrosion  study  of  austenitic  stain¬ 
less  steel  (304  L  and  316  L)  in  concentrated  acetic 
acid  (ACOH). 

EXPERIMENTAL 

Cel  1  :  Cylindrical  with  axial  R.D.E.  (W.E.) 

1.13  cm  in  diameter  embedded  in  a  Teflon  sheath  (2  cm 
in  diameter).  Counter-electrode  (C.E.)  is  a  platinum 
mesh  covering  the  cell  walls  (lateral  +  bottom).  Re¬ 
ference  electrode  (R.E.)  was  either  a  Ag/Ag  Cl  in 
(  ACOH  +  0.1  M  L iC TO4 )  +  Luggin  capillary  or  the  tip 
of  a  Pt  wire  (0.05  cm  in  diameter). 

Electrolytes  :  100  %  ACOH  (0  =  12  MT'.cm)  or 
80  %  ACOH'  "(p  =  1o.2  kQ.cm)  with  no  chemicals  addi¬ 
tion. 

Measurements  set-up  :  Solartron  equipment  (1286 
interface  +  1250  TFaT. 

RESULTS 

R.E.  arrangement,  electrolyte  resistivity  and 
distance  x  from  R.E.  tip  and  S.S.  surface  were  inves¬ 
tigated. 

Ag/AgCl  +  Luggin  capillary  as  R.E. 

80  %  ACOH  :  Fig.  1  gives  a  set  of  diagrams  as  a 
function  of  x.  All  plots  display  a  H.F.  capacitive 
arc  with  constant  size  and  frequency  spacing  followed 
by  a  M.F.  loop  which  changes  from  capacitive  to 
inductive  shape  as  x  is  decreased.  The  L.F.  branch 
represents  the  true  interface  capacitance.  Re  estima¬ 
ted  by  the  Newman's  formula  is  given  by  the  intercept 
of  this  L.F.  branch  on  the  real  axis  at  frequency 
close  to  100  Hz. 

100  %  ACOH  :  Similar  results  are  shown  in  Fig.  2. 
Frequencies  are  shift  towards  lower  values  whilst  the 
inductive  behaviour  dominates  the  range  usually  cove¬ 
red  by  faradaic  impedance. 

Pt  wire  as  R.E.:  Fig.  3  shows  the  results  cor¬ 
responding  to  Fig.  I.The  side  effect  is  wellknown  in 
fairly  conductive  electrolytes  (capacitive  loop  at 
large  x)  or  cell  with  very  small  impedance  of  W.E. 
(inductive  1c„,>  at  small  x). 


MODELLING 

The  behaviour  shown  in  Fig.  1  represents  the 
whole  range  of  possible  features.  It  has  been  modelled 
by  the  network  shown  in  Fig.  4.  Similar  approach  was 
proposed  in  (1)  but  C2  was  neglected.  The  impedance 
actually  measured  is  calculated  as  Zexp  =  E^r/I  •  As 
point  out  in  (1)  the  inductive  behaviour  is  due  to  C^. 

As  proved  by  Fig.  5  and  6  the  model  restitutes 
with  an  excellent  precision  the  experimental  data 
when  the  distance  x  and  electrolyte  resistivity  are 
simulated  by  varying  the  resistancesvalues.  The  H.F. 
capacitive  arc  ((R'e  +  Re ) C ^ / (C 1  +  ))  in  diameter 

arises  from  the  frequency  dependence  on  the  dividing 
bridge  C ^ / (C 1  +  C2)  applied  to  the  entry  voltage 
across  (R'e  +  Re  +  Cdl//Rp).  Increasing  x  is  simulated 
by  the  ratio  Re/R'e  at  constant  (Re  +  R'e). 
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Figure  1  :  Impedance  diagrams  as  a  function  of  the 
distance  x  between  the  tip  of  the  capillary  and  the 
electrode  surface.  Reference  electrode  : 
Ag/AgCl/O.IM  L i Cl O4 .  Acetic  acid  80 
0  =  10.2  kr:.cm. 
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Technique  for  Estimating  Salt-Air  Corrosion  Rate 
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9-11  Midori-Oio  3-Chome,  Musashi no-Shi,  Tokyo  180  Japan 

1.  Introduction 

Salt  damage1 5  is  a  serious  problem  for  metallic  materials 
used  in  outdoor  facilities  in  island  countries  such  as  Japan. 
Sea  salt  mainly  detemins  corrosion  rate.  This  rate  varies 
with  distance  from  the  sea2) ,  and  ranges  from  severely 
damaging  in  coastal  areas  to  mildly  damaging  in  inland 
areas.  It  also  varies  with  the  climate  at  individual  places. 
Therefore,  few  studies  have  estimated  corrosion  rate  by 
investigating  the  synthesis  of  the  effects  of  each 
corrosion  element.  This  paper  discusses  a  method  for 
estimating  metal  corrosion  rate  based  on  the  results  of  our 
nationwide  exposure  test. 

2.  Estimating  the  Corrosion  Rate 
2-1  Basic  Data 

Exposure  corrosion  tests  were  conducted  to  collect  basic 
data  on  metal  corrosion  in  21  areas  throughout  Japan  as 
shown  in  Fig.  1(a).  Plates  of  Hot -dipped  galvanized  steel, 
a  widely  used  anticorrosion  material,  were  used.  The  plate 
dimensions  were  50  imXlOO  <mx3  m.  The  resuits  of  !  and 
2-year  exposure  tests  were  used  to  estimate  the  corrosion 
rate.  The  estimation  functions  were  also  used  to  estimate 
the  distribution  of  sea-salt  particle  levels  at  30  areas  in 
Choshi  City.  Chiba  Prefecture  as  shown  in  Fig.  1(b). 

2-2  Corrosion  Elements 

The  main  factors  which  affect  corrosion  rate  are  sea-salt 
particle  levels,  temperature,  moisture,  and  precipitation. 
Except  for  sea-salt  particle  levels,  this  data  can  be 
obtained  from  standard  meteorological  data.  Sea-salt 
particle  levels  can  be  evaluated  using  wind  direction  and 
velocity,  which  are  also  meteorological  data,  and  the 
distance  to  the  coast,  which  can  be  obtained  from  a 
topographical  map.  Monthly  averages  of  meteorological  data 
were  used  to  simplify  the  estimates  and  to  reflect  seasonal 
weather  variations. 


2-3  Estimation  of  Sea-Salt  Particle  Levels 
Sea-salt  particles  are  transferred  by  wind.  Their 
direction  and  speed  change  constantly.  We  assume  that  the 
wind  can  be  resolved  into  two  vectors:  an  invariable 


component  with  average  direction  and  speed  (wind-1),  and  a 
second  component  with  a  constantly  varying  velocity  <wind-2). 
Then  the  steady-state  distribution  of  sea-salt  particles  can 
be  formulated  using  the  follouwing  partial  differential 
equation. 
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where  C  -  the  amount  of  floating  sea-salt  particles,  D 
diffusion  constant  due  to  wind-2.  Vx  and  Vy  represent  the 
components  of  wind-1,  and  K  -  the  ratio  of  particles 


falling  to  the  ground  within  a  unit  time. 

Based  on  this  equation,  the  elliptical  distribution  is 
given  as  shown  in  Fig.  2.  The  function  to  estimate  sea-salt 
particle  distribution  is  formulated  to  add  up  all  elements 
from  the  sea  in  16  directions.  The  observed  particle  levels 
shown  in  Fig.  1  were  used  in  a  multivariate  analysis  to 
determine  optimum  coefficients  for  these  functions.  The 
correlation  coefficient  between  estimp’ed  and  observed 
values  is  0.89  as  shorn  in  Fig.  3. 

2-4  Estimation  of  the  Metallic  Corrosion  Rate 
Atmospheric  corrosion,  including  salt  damage,  can  be 
classified  as  wet  corrosion.  Wet  corrosion  progresses  with 
water  film  on  the  surface  acting  as  a  mediun  which  helps  the 
flow  of  corrosion  current  due  to  local -action  cells.  The 
water  film  thickness  is  closely  related  to  the  atmospheric 
moisture  level.  Therefore  corrosion  does  not  progress  at  a 
constant  rate,  but  changes  with  the  moisture  level.  Changes 
in  corrosion  rate  during  the  day  as  monitored  with  chemical 
impedance  measurements31  * 1  are  shown  in  Tig.  4.  They 
indicate  that  dew  formation  and  rainfall  are  the  most 
important  factors  in  the  average  corrosion  rate.  Therefore 
the  approximation  shown  in  Fig.  5  serves  as  a  model  for  the 
progression  of  atmospheric  corrosion.  Total  corrosion  is 
described  as 

F  =  A  f  i(m)  f  2(T)  f  j(C)+  B  f  i  (r)  f  z  (T)  f  s(C)  (2 1 

where  m  -  moisture.  T  temperature,  C  sea-salt  particle 
level,  r  the  number  of  rainy  days,  and  A  and  B  are  the 
proportional  constants.  Each  element's  effect  on  corrosion 
rate  is  represented  by  one  of  the  independent  functions.  f,t 

— ,fs. 

Each  coefficient  described  in  Eq. (2)  is  set  to  maximize 
the  correlation  coefficient  between  the  logarithm  of  the 
estimated  corrosion  degree  and  the  test  data.  The 
relationship  between  two  corrosion  levels  is  shown  in  Fig. 
6.  80%  of  thp  test  data  values  corresponds  to  the 

estimated  values  with  an  accuracy  of  +30%  accuracy. 

3.  Conclusion 

Functions  to  estimate  corrosion  rate  have  been  formulated. 
These  functions  use  variables  that  are  easily  obtained  from 
meterological  data,  and  distances  to  the  coast  obtained 
from  topographic  maps.  These  functions  estimate  the  salt- 
damage-  related  corrosion  rate  for  metallic  materials  to 
within  ±30%  accuracy. 
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Fig.  4  An  exanple  of  changes  in  atmospheric  corrosion 
rate  during  the  day  (monitored  by  measuring  the 
chemical  impedance  of  the  corroding  surfaces) 
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Despite  widespread  applications  of  organic  coatings  for 
corrosion  protection  of  metallic  substrates,  no  univer¬ 
sally  acceptable  method  exists  for  evaluating  their 
corrosion  protective  performance.  One  of  the  main 
reasons  for  this  void  is  that  the  performance  of  an 
organic  protective  coating  system  is  dependent  upon 
many  factors,  including  properties  of  the  metal  sub¬ 
strate,  the  coating,  the  metal/co  ting  interactions, 
and  the  environments  to  which  it  is  exposed. 

Techniques  used  for  evaluating  the  effectiveness  of 
corrosion  protection  of  coated  metals  can  be  divided 
into  two  main  groups:  non-electrochemical  and  electro¬ 
chemical.  Since  many  failures  of  a  coating  system, 
such  as  blistering,  cathodic  delamination,  and  corro¬ 
sion  are  controlled  by  the  conducting  (or  resistant) 
properties  of  the  coating  and  the  electrochemical 
processes  occurring  at  the  metal/coating  interface, 
evaluation  techniques  based  on  the  electrochemical 
principles  may  provide  useful  means  to  assess  the 
protective  ability  of  a  coating  against  corrosion  of 
a  metal.  Indeed,  work  at  Lehigh  University  has 
shown  that  there  is  a  direct  relationship  between 
the  conductivity  of  the  coating  and  the  rate  of  corro¬ 
sion. 

Since  corrosion  of  coated  metal  is  a  complicated 
phenomena,  single  technique  may  not  be  adequate  to 
evaluate  the  corrosion  protection  of  a  particular 
system.  It  is  necessary  to  combine  various  techniques, 
including  non-electrochemical  techniques,  to  more 
effectively  evaluate  the  corrosion  protection  perfor¬ 
mance  of  coating  systems  for  metals.  In  this  study, 
a  new  electrochemical  technique,  the  multicyclic 
potentiodynamic  polarization  (MCPDP)  technique,  was 
used  to  evaluate  the  corrosion  protection  ability  of 
coatings  on  metal. 

In  the  multicyclic  potentiodynamic  polarization 
technique,  the  applied  potential  scans  forward, 
starting  at  the  corrosion  potential,  and  continues 
in  the  positive  (anodic)  direction.  When  it  reaches 
a  preprogrammed  positive  potential  value,  it  reverses 
and  begins  in  a  negative  (cathodic)  direction,  past 
the  corrosion  potential.  When  it  reaches  a  pre¬ 
programmed  negative  potential,  it  reverses  and  scans 
in  the  positive  direction  again.  This  cycle  may  be 
repeated  many  times  until  the  polarization  current 
(anodic  or  cathodic)  occurred.  The  scanning  times 
and  the  polarization  currents  are  recorded.  The 
current  and  scanning  times  are  compared  for  a  set  of 
samples.  The  lower  the  polarization  current  at  any 
particular  scanning  time,  or  the  longer  the  scanning 
time  at  the  same  polarization  current,  the  better  the 
corrosion  resistance  of  the  coating.  The  parameters 
of  measurement  can  be  changed  depending  upon  the 
requirements  of  the  samples.  The  scanning  rate  is 
typically  between  lmV/sec.  and  lOOmV/sec.  In  this 
study,  positive  potentials  between  0.8  and  1.8V  and 
negative  potentials  between  -  0.8  and  -  1.8V  were 
selected . 

This  paper  presents  the  results  of  preliminary  studies 
to  develop  the  method  and  apply  it  to  assessments  of 
several  key  factors  which  contribute  to  the  performance 
of  coating  systems;  these  include  coating  type,  coating 
thickness,  curing  conditions,  substrate  surface  contam¬ 
ination,  and  defects  in  the  coating. 
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Introduction  and  Objectives: 

The  use  of  organic  sulfur  compounds  as  metallic 
corrosion  inhibitors  has  been  widely  investigated  [1-4]. 
Particular  attention  was  often  paid  to  compounds  contain¬ 
ing  thioamide  functional  groups  e.g.  thiourea  and  its  deri¬ 
vatives.  We  have  been  interested  in  studying  the  effects 
of  a  series  of  such  compounds  on  the  corrosion  kinetics 
of  mild  steel  in  H-SO..  These  compounds  are: 
thioacetamide  (TA7,  cH,.C  :  S.NH-,  thiourea  (Tl.), 
H-N.C  :  S.NH?  and  thiosemicarbazide  H-N.NH.C  :  S.NH, 
We  measured  ^the  effects  of  these  cdfn pounds  on  the 
polarization  curves,  corrosion  current  and  potential,  activa¬ 
tion  energy  and  polarization  resistance  at  various  concen- 
trtions  and  temperatures.  The  adsorption  behaviour  of 
thiourea  and  its  effects  on  the  corrosion  kinetics  were 
reported  elsewhere  (5,6).  The  purpose  of  the  present 
work  is  to  evaluate  the  effects  of  thioacetamide  and 
thiosemicarbazide  on  the  corrosion  kinetics  of  mild  steel. 
Furthermore/ their  adsorption  behaviour  was  analysed  in 
oJer  to  c Iioojc  i!*c  appropriate  adsorption  isotherm  and 
hence  determine  the  free  energy  of  adsorption.  Subsequ¬ 
ently  the  results  ire  to  be  compared  with  those  obtained 
on  thiourea.  The  similarities  and  difference,  are  discusser! 
in  view  of  the  differences  in  the  molecular  structure  of 
the  compounds. 

Adsorption  isotherms: 

A  knowledge  of  the  adsorption  behaviour  of  these 
inhibitors  is  necessary  to  understand  their  inhibit ive  action. 
The  surfaces  of  metals  in  aqueous  solutions  are  alwasys 
hydrated  with  adsorbed  water  dipoles.  Consequently,  the 
adsorption  of  an  organic  inhibitor  on  the  metal  surface 
requires  the  displacement  of  a  number  of  water  molecules. 
It  is  regarded  as  a  substitutional  adsorption  process  i.e. 

0,*(sol.)  +  x  H2°(ads)  ^  0re*(ads)  *  *  H2°(sol.)  (1) 

where  x  is  called  the  size  ratio  which  is  the  number  of 
water  molecules  displaced  by  one  molecule  of  the  organic 
adsorbate.  It  is  also  viewed  as  the  ratio  between  the 
corss-sectional  area  of  the  organic  molecule  to  that  of 
water  when  adsorbed  on  the  metal  surface.  There  are 
many  isotherms  which  can  be  used  to  describe  the  above 
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where  0  is  the  degree  of  coverage  of  the  metal  surface 
with  inhibitor  and  a  is  the  coefficient  of  lateral  interaction. 
The  adsorbability  K  is  related  ro  the  standard  free  energy 
of  adsorption,  by: 

K  =  (1/55.5)  exp  (-^Ga°rJs  /RT) 


Inspection  of  the  above  isotherms  reveals  that  the 
free  energy  of  adsorption,  A  G  ^  depends  on  both  X  and 
0.  Improper  choice  of  X  and/or  a  results  in  erroneous 
values  of  A  G° ,  .  A  reasonable  estimate  of  X  may  be 
obtained  from  Consideration  of  the  structure  of  the  com¬ 
pound  e.g.  bond  lengths  and  bond  angles. 

Test  of  isotherms: 

The  configurational  factors  of  the  various  isotherms 
(l.h.s.  on  equations  2-5)  are  essentially  functions  of  cover¬ 
age  0  and  size  ratio  X,  i.e.  f(Q,  X).  The  above  isotherms 
may  be  converted  into  the  general  equation 

.  r  f(0,  X)  i  A^ads  ->  <n\ 

In  [  — ^ — -  J  = - —  +  2  a  0  (7) 

where  a  is  the  coefficient  of  lateral  interaction.  The 
most  suitable  isotherm  was  chosen  by  fitting  the  experi¬ 
mental  data  (coverage-concent  ration-temperature)  to 
Equation  7.  The  function  f(0,  X)  is  evaluated  at  various 
values  of  X,  and  the  l.h.s.  of  equation  7  plotted  versus 
coverage  0.  A  straight  line  was  obtained  invariably  indicat 
ing  the  validity  of  the  isotherms.  The  lateral  interaction 
coefficient  a  is  given  by  the  slope  of  the  straight  line. 
At  20°C,  the  best  fit  was  obtained  with  X  =  2  for  the 
three  inhibitors  with  significant  lateral  (repulsion)  interact¬ 
ion;  the  computed  a  values  are  about  equal  for  thioura 
and  thioacetamide  while  a  considerably  greater  value  was 
obtained  for  thiosemicarbazide.  The  value  of  X  =  2  means 
that  two  water  molecules  are  displaced  for  each  inhibitor 
molecule.  Since  the  cross-sectional  area  of  a  water 
molecule  is  about  12.5  A°  ,  it  follows  that  at  20°C  thp 
inhibitor  molecule  occupies  an  area  of  about  25  A°  . 
Comparison  of  this  area  to  those  predicted  by  molecular 
models  indicates  that  the  inhibitors  are  adsorbed  vertically 

i.e.  the  thio-carbonyl  group  >C=S  is  held  perpendicular  to 
the  metal  surface.  On  the  other  hand,,  at  temperatures  of 
30-50°C  the  best  fit  was  obtained  with  X=4  and  a  »0 
i.e.  no  lateral  interaction.  Under  these  conditions  /  th^ 
area  occupied  by  each  inhibitor  molecule  is  about  50  A°‘ 
which  is  compatible  with  planar  adsorption.  With  this 
orientation  the  molecular  dipole  parallel  to  the  metal 
surface,  hence  mey  go  not  excercise  lateral  interaction 
with  each  otner.  Further  details^ analyses  and  interpreta¬ 
tions  are  to  the  presented. 
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Introduction 

the  polarization  resistance  method  of 
obtaining  metal  corrosion  rates  in  solution 
is  a  familiar  electrochemical  technique. 
However,  it  involves  several  problems,  such 
as  an  ohmic  drop  correction  and  the  length  of 
time  involved  in  the  case  of  a  low  corrosion 
rate(l).  To  overcome  these  defects,  the 
coulostatic  method  was  successfully  applied 
to  corrosion  rate  measurement (2) . 

The  applicable  range  of  the  method  is  not 
so  clear.  To  expand  its  applicability  to  a 
wide  range  of  corrosion  systems,  we  tested  the 
method  by  measuring  the  corrosion  rates  of 
steel  in  water  containig  various  types  of 
corrosion  inhibitors  and  confirmed  that  the 
results  gave  good  agreement  with  those 
obtained  by  the  weight  loss  method. 

Experimental 

When  a  small  charge  pulse  is  supplied  to 
the  electric  double  layer  of  a  corroding 
meial,  the  potential  jumps  from  the  corrosion 
potential  to  another  potential.  The  over¬ 
voltage  immediately  after  charging  is  a 
function  of  the  double  layer  capacity  of  the 
metal  and  is  given  as  follows: 
r,  i  =  Aq  /  Cd  (1] 

where  r,0  is  the  initial  overvoltage,  Aq  is 
the  supplied  charge  and  Cd  is  the  double 
layer  capacity  of  the  test  piece.  The  charge 
increment  is  then  consumed  progressively  by 
the  corrosion  reaction,  which  causes  the 
potential  to  drift  back  to  the  corrosion 
potential,  Ecorr.  This  potential  decay,  r,t, 
proceeds  exponentially  with  time,t,  according 
to  the  next  equation, 

n t  =  no  exp{ - 1/ (CdRp) }  (  2  ] 

where  Rp  is  the  polarization  resistance.  By 
using  equation  [  1  ]  and  (  2  ] ,  Cd  and  Rp  can 
be  obtained.  For  the  calculation  of  the 
corrosion  current  density,  icorr,  anodic  and 
cathodic  Tafel  slopes  are  necessary,  wnich 
can  also  be  determined  by  the  coulostatic 
method (3) . 

In  the  Tafel  slope  measurement,  the  amount 
of  charge  is  chosen  to  yield  a  50  mV  or  larger 
overvoltage  in  order  to  eliminate  the  effect 
of  the  opposite  reaction.  The  final  formula 
for  calculating  the  Tafel  slope  is  given  in 
Eq .  3 . 

B  -  An  /  logf (t,-t a)/ (ta-t , > )  [  3  ] 

where  An  is  an  arbitary  interval  of  over¬ 
voltage  which  divides  the  decay  curve,  t,,  ta 
and  t,  are  read  three  succeeding  time  from 
these  cuceeding  points,  as  shewn  in  Fig.l 
The  value  of  An  is  usually  from  5  to  10  mv. 

To  obtained  the  anodic  Tafel  slope,  Ba ,  a  test 
piece  is  polarized  in  the  anodic  direction 
and  in  the  reverse  direction  for  the  cathodic 


Tafel  slope,  Be.  Both  Ba  and  Be  can  be  cal¬ 
culated  in  the  same  manner,  using  Eq.3. 

Thus,  a  corrosion  current  density  can  be 
obtained  by  following  the  Stern-Geary  formula 

icorr  =  -  Rp  [  4  ] 

2 . 3 (8a+gc ) 

The  overvoltage  decay  curves  necessary  for 
calculating  the  polarization  resistance  and 
Tafel  slopes  were  measured  by  using  a 
corrosion  meter (  Hokuto  Denko  HK-201  )  which 
could  apply  a  given  amount  of  electric  charge 
to  a  test  piece  in  solution,  a  transient  time 
converter (  Riken  Denshi  TCC-1000-11  )  and  a 
Y-t  recorder.  Commercially  available  steel 
coupons (  JIS  SS41  )  were  used  as  test  pieces, 
which  were  also  used  as  a  counter  electrode. 
Two  steel  coupons  immersed  in  the  solution 
were  measured  alternately  as  a  test  electrode 
A  saturated  calomel  electrode  was  used  as  a 
reference  electrode.  The  solution  used  in 
experiments (  see  Table  1  )  were  made  from 
reagent  grade  chemicals  with  distilled  water. 
All  measurements  were  carried  out  at  a  room 
temperature (  26*2°C  )  under  atmospheric 
pressure  without  expelling  dissolved  oxygen 
in  the  solution. 

Results  and  Discussion 

A  typical  overvoltage-time  curve  to  obtain 
Rp  value  is  reproduced  in  Fig.  2,  which  is 
measured  in  0.1%  NaCl  solution  containig  100 
ppm  Ka C  r a 0 7 .  Qualitatively ,  the  potential 
decays  fast  to  initial  value(  Ecorr  ),  if  the 
corrosion  rate  is  high.  The  log  r't-t  plot 
obtained  from  ri5.2  indicates  a  good 
line.vlty  in  agreement  with  logarithmic 
equation  of  Eq.2(  Fig. 3  ).  By  extrapolating 
log  nt  plot  to  t  =  0,  the  value  of  ••  ?  was 
found  to  be  3.7  mV,  from  which  differential 
capacity  Cd  was  calculated  as  1.36  F/m2. 
Polarization  resistance,  Rp,  was  deduced  as 
0.93  fim2  from  the  slope  of  log  "t  plot,  shown 
in  Fig. 3  with  the  aid  of  Cd  value.  Then  the 
Tafel  slopes  were  obtained.  In  Fig  4,  anodic 
and  cathodic  overvoltage-time  curves  for 
steel  in  0.17,  NaCl  solution  containing  100 
ppm  K a c r 2 0 7  are  shown,  by  which  the  Tafel 
slopes  are  calculated,  showing  Ba  is  equal  to 
30.1  mV  and  Be  is  equal  to  23.9  mV  respective¬ 
ly  with  the  aid  of  Eq.3  From  Eq.4,  icorr 
computed  is  7x10"“  A/m2.  Fig. 5  shows  time 
dependence  of  icorr  for  steel  in  0.1%  NaCl 
solution  containing  100  ppm  K,Cr}0, .  This 
system  is  in  inhibited  condition  and  the  cor¬ 
rosion  rate  is  almost  constant  with  time. 

The  corrosion  rate  for  each  system  was  cal¬ 
culated  and  averaged  for  the  total  immersion 
period.  At  the  same  time,  the  corrosion 
rate  by  the  weight  loss  method  for  the  same 
test  pieces  were  measured.  These  are 
tabulated  in  Table  1.  Ihe  corrosion  rates 
obtained  by  the  coulostatic  method  coincided 
with  those  obtained  by  the  weight  loss 
method . 
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INTRODUCTION 

In  the  alkaline  pH  ranges,  it  is 
well  known  that  dissolved  iron  exists  as 
amorphous  Fe(0H)3  species  fl].  Inter¬ 
estingly,  however,  various  studies  f2,3|  have 
indicated  that  complexing  agents  such  as 
organic  soil  matter  (in  the  form  of  fulvio 
acid)  can  form  complexes  with  the  Fe34 
species  and  may  thus  aid  corrosion  by  either 
stabilising  the  Fe3*  ion  or  the  colloidal 
Fe(0H)3  species  by  adsorption.  In  this 
paper,  we  describe  our  initial  attempts  to 
study  these  phenomena  at  a  iron  rotating  disc 
electrode . 


EXFEfii MENTAL 

Initially,  su I fosa l icy  1 ates , 
citrates  and  tannic  acids  were  chosen  an  role 
models  for  the  investigation  of  the  more 
important  species  such  as  fulvic  acid.  T he 
oxidation  experiments  were  carried  out  by 
potent i os tat ic  control  on  a  rotating  disc 
electrode  in  deaerated  boric  acid  -  NaOH 
buffer  solutions  in  the  pH  range  7. ft -9. 


RESULTS^  AND  -DISCUSSION 

The  addition  of  citrate  and 
sul fosa 1 i cy 1 ates  (SSA)  at  a  single  pH  shifts 
the  rest  potential  in  the  cathodic  direction 
(Figure  1);  citrate  ions  having  the  greatest 
effect.  This  behaviour  in  consistent,  ly 
observed  in  the  range  of  pH  7.5-9  hut  at 
pH>9,  the  concentration  of  OH-  ions  is  high 
enough  to  instantaneously  passivate  the 
electrode  negating  the  effect  of  the  complex 
ing  agent,.  ThiB  confirms  the  theory  [?.]  that 
the  citrate  and  SSA  ions  form  solvating 
sheaths  with  Fe3*  ions  making  it  more  stable 
than  the  equi valent  aquo  ion.  This  corres 
ponds  to  a  schematic,  energy  diagram  J4|  shown 
in  Figure  2.  The  stabilisation  of  the  Fe24 
ion  corresponds  to  a  decrease  in  the  Gibbs 
Free  Energy  of  the  final  state.  This  also 
decreases  the  height  of  the  activation 
barrier  causing  an  increase  in  the  exchange 
current  density,  io.  As  the  dissolution 
reaction  is  balanced  by  hydrogen  evolution, 
this  causes  a  cathodic  shift,  in  the  rest, 
potential  and  an  increased  rate  of  metal 
dissolution.  However  no  change  io  observed 
in  the  anodic  Tafel  slope  suggesting  that,  the 
dissolution  mechanism  is  not  changed.  These 
results  Indicate  that  the  primary  effect  is 
the  stabilisation  of  the  Fe24  ion. 

In  all  oases,  we  observe  that  the 
peak  potential  Is  rotation  speed  dependent, 
suggesting  that,  passivation  occurs  by  a 
dissolution  precipitation  mechanism  as 
discussed  by  Armstrong  J5|.  In  this  pH 
range,  It  In  observed  that,  the  overpotential 
for  the  onset  of  passivation  is  greater  for 
citrate  than  for  Lb A  In  both  cases ,  this  is 


again  related  to  stabi 1 i sat  ion  of  the  free 
Fe24  ion  as  a  complex  so  that  the  solubility 
product  criteria  t,o  initiate  precipitation  of 
Fe(0H)3  is  not  met,  until  higher  potential. 

This,  in  turn,  increases  the  peak  current. 

We  also  conclude  that  the  citrate-Fe24 
complex  is  more  stable  than  the  Fe2t-SSA 
complex  which  is  consistent  with  the  exchange 
current  density  values. 

With  t.annic  acid,  we  see  an 
interesting  change  in  the  shape  of  the 
current  voltage  curve  (Figure  3).  A  plateau 
region  appears  anodic  to  the  peak  potential. 

At  present,  no  firm  explanation  of  this 
phenomenon  can  be  given  but  we  suspect  that 
the  Fe24/Fe34  couple  is  interacting  with  the 
tannic  acid  in  an  ECE  mechanism  involving  the 
oxidation  of  the  organic  molecule.  Further 
experiments  are  required  to  test  this 
hypot.hes  i  s  . 

We  conclude  from  these  measurements 
that,  the  st.ahi  1  isation  of  ionic  species 
through  eomplexation  are  an  important  factor 
in  the  corrosion  of  iron  in  alkaline  soils 
ami  its  transport  in  natural  waters. 
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Figure  3.  Current-Voltage  curve 
the  presence  of  Tannic 
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The  passivation  of  many  metals,  such  as  Fe  and  Ti, 
can  stabilize  them  against  attack  in  aggressive 
environments ( 1) .  This  is  because  the  rate  of  metal 
dissolution  is  suppressed  by  thin  oxide  films  formed 
on  the  surface  of  the  metals.  The  result  is  the  life 
of  the  protected  metal  is  extended,  in  some  cases,  by 
orders  of  magnitude.  Then  the  stability  of  oxide 
films  is  important  in  the  protection  of  the  subs¬ 
trates  .  Because  the  rate  of  metal  dissolution  Is 
generally  very  low  on  passivated  metals,  the  potential 
of  free  standing  specimens  is  generally  unpoised  and 
prone  to  shifts  induced  by  the  presence  of  redox 
species.  In  reducing  environment,  the  potential  is 
shifted  towards  negative  potentials  where  the  metal  is 
in  active  region,  and  in  oxidizing  environment  it  is 
shifted  towards  positive  potentials  where  the  metal  is 
transpassive.  In  both  cases,  the  rate  of  metal 
dissolution  will  increase  dramatically. 

In  this  paper,  we  describe  a  general  strategy 
using  redox  polymer  coatings  to  stabilize  the  poten¬ 
tial  of  a  metal/metal  oxide  system  well  within  its 
passive  region.  The  role  of  the  polymer  is  to  poise 
the  potential  of  the  oxide  covered  metal  at  an  inter¬ 
mediate  value  between  the  active  and  the  transpassive 
potential  regions.  Thin  films  of  conductive  polymers 
such  as  poly(3-methylthiophene)  can  be  partially  and 
reversibly  oxidized,  establishing  a  well  defined 
potential  that  remains  constant  in  the  absence  of 
redox  reactions  that  may  change  the  charge  capacity  of 
the  polymer  film.  The  potential  of  a  partially  oxi¬ 
dized  P(3-MT)  film,  for  instance,  will  drift  towards 
more  negative  values  as  the  film  is  chemically  reduc¬ 
ed.  Coating  an  oxidized  film  of  P(3-MT)  on  Ti/Ti02 
has  been  shown  to  control  the  potential  of  the  metal 
in  its  passive  range.  The  small  but  finite  anodic 
current  to  the  passive  surface  at  steady  state,  how¬ 
ever.  leads  to  a  slow  discharge  of  the  polymer  film 
according  to  the  process  given  by: 

(l/4)Ti  +  (l/nOPO-MT)*™  -  (l/n)Ti+*  +  (l/m)P(3-MT)° 

One  then  is  led  to  the  conclusion  that  the  polymer 
film  alone  will  not  stabilize  the  passive  surface  at 
steady  state,  and  a  second  reaction  must  be  used  to 
compensate  the  anodic  dissolution  current. 

We  chose  the  second  reaction  to  be  the  reduction 
oi  dissolved  02.  Dispersed  Pt  particles  within  the 
polymer  film  act  as  catalyst  for  the  02  reduction. 
The  polymer  film  not  only  poises  the  potential  of  the 
substrate  surface,  but  also  serves  as  the  site  for  a 
reduction  reaction.  In  this  context,  it  is  useful  to 
think  of  02  reduction  on  the  polymer  as  a  low-power, 
in  situ,  current  generator  that  biases  the  metal  into 
the  passive  region.  Conceptually,  this  suggests  that 
the  polymer  film  need  not  uniformly  coat  the  entire 
substrate . 

Our  objective  was  to  experimentally  demonstrate 
the  use  of  P(3-MT)  supported  Pt  catalyst  as  a  source 
to  bias  the  potential  of  Ti  into  its  passive  region. 
Similar  application  of  poly(aniline)  and  prussian  blue 
films  have  been  recently  reported(2).  However,  these 
papers  have  not  described  the  principles  by  which  the 
systems  behave.  Our  experiments  have  focused  on  these 
two  points:  First,  although  the  electrochemistry  of 
P(3-MT)  films  have  been  extensively  investigated  by 
several  laboratories ( 3 )  ,  questions  regarding  the 


stability  of  P(3-MT)  films  in  aqueous  solution  still 
remain  unresolved.  It  has  been  studied  in  the  present 
investigation  in  relation  to  the  ability  of  the  film 
to  maintain  a  constant  open-circuit  potential. 
Second,  investigations  have  been  directed  to  show  that 
the  potential  of  Ti/T102  can  be  poised  by  an  oxidized 
P(3-MT)  film.  And  only  in  the  presence  of  Pt  parti¬ 
cles,  which  catalyze  the  02  reduction,  can  the  Ti/TiOz 
be  poised  at  a  constant  potential  within  the  passive 
region  for  indefinite  periods. 

In  order  to  separate  out  the  effect  of  polymer 
films  acting  as  inert  barriers,  P(3-MT)  films  were 
actually  deposited  onto  an  inert  substrate  such  as 
glassy  carbon.  Then  it  was  galvanically  coupled  to  an 
oxide-covered  Ti  electrode.  This,  in  addition,  gave 
us  control  over  the  a'pa  ratio  of  exposed  Ti  surface 
to  polymer  film  covered  surface. 

Ideally,  the  open-circuit  potential  of  an  oxidized 
(or  reduced/  conducting  polymer  film  should  not  change 
with  time  In  the  absence  of  any  redox  reactions. 
However,  the  open-circuit  potential  of  an  oxidized 
P(3-MT)  film  slowly  shifts  toward  more  negative  with 
time  in  aqueous  solution.  This  potential  decay  is 
shown  to  be  due  to  the  charged  species  underwent  an 
irreversible  chemical  degradation  in  the  solution. 

Figure  1  shows  the  Eoc  time  dependence  for  a  P(3- 
MT)  film  coupled  t,o  oxide-covered  Ti  in  the  absence  of 
02  reduction.  As  a  comparison,  Eoc  of  a  Ti  electrode 
was  also  monitored  The  experimental  results  indi¬ 
cates  that  the  potential  of  the  coupled  system  was 
poised  by  the  potential  of  P(3-MT)  film  and  the  poten¬ 
tial  continuously  shifted  toward  more  negative  poten¬ 
tials  in  the  absence  of  02  reduction.  However,  after 
Pt  was  dispersed  in  P(3-MT)  film  to  catalyze  the  02 
reduction,  the  coupled  system  reached  a  constant  open- 
circuit  potential  in  a  short  time  (Figure  2). 
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The  electrical  properties  of  polymeric  organic 
coatings  on  metal  substrates  have  been  studied  by  many 
investigators  but  little  attention  has  been  paid  to 
the  temperature  dependence  of  the  electrical  proper¬ 
ties.  Polymer  coatings  are  expected  to  provide  corro¬ 
sion  protection,  to  retain  adherence  and  appearance, 
and  to  maintain  other  physical  properties  for  long 
periods  of  time.  This  paper  describes  the  electro¬ 
chemical  impedance  properties  as  a  function  of  temper¬ 
ature  for  an  epoxy  air-dried  coating,  a  baked  polyes¬ 
ter  enamel  coating  and  a  baked  polybutadiene  coating. 

Epoxy  samples  were  prepared  from  10  x  20  x  0.05 
cm  coated  1010  SAE  steel  panels.  The  panels  were  wet 
ground  with  240  grit  SIC  paper  and  rinsed  with  etha¬ 
nol.  Epoxy  primer  FIL-P- 24441/1  was  applied  by  draw 
bar  at  a  thickness  of  0.015  cm  wet.  The  panels  were 
allowed  to  air  cure  overnight.  Two  coats  of  epoxy 
topcoat  MIL-P-24441/5  were  applied  at  0.018  cm  wet 
thickness  by  draw  bar.  The  first  topcoat  was  allowed 
to  air  cure  overnight.  The  final  coat  was  allowed  to 
air  cure  one  week.  The  panels  were  cut  into  5  cm 
squares.  Final  dry  thicknesses  ranged  from  0.017  to 
0.024  cm. 

Substrates  for  polybutadiene  coatings  were  pre¬ 
pared  in  the  same  manner,  but  were  cut  into  5  cm 
squares  before  applying  the  coating.  The  polybuta¬ 
diene  was  applied  by  spin-coating,  followed  by  a  30 
min  cure  at  195°C.  Dry  film  thicknesses  ranged  from 
0.002  to  0.003  cm. 

Polyester  samples  were  prepared  in  the  same  man¬ 
ner  as  polybutadiene  samples  with  a  20  min  cure  at 
190*0.  Dry  film  thickness  was  0.006  cm. 

Impedance  data  were  obtained  from  a  system  con¬ 
sisting  of  an  EG&G  Princeton  Applied  Research  Corp. 
Model  173/276  potentiostat  with  computer- controlled 
Solartron  Model  1250  frequency  response  analyzer.  The 
impedance  spectra  were  determined  from  65.5  kHz  to  1 
mHz,  The  amplitude  was  15  mV  above  100  mHz  and  50  mV 
below  100  mHz. 

The  electrochemical  cell  was  a  glass  cylinder 
clamped  and  0-ring  sealed  to  the  sample  surface.  The 
seal  exposed  8.8  cm2  of  sample  surface  to  the  dis¬ 
tilled  water  test  medium.  The  reference  electrode  was 
Ag/AgCl  and  a  carbon  rod  served  as  the  counter  elec¬ 
trode  . 

Studies  were  conducted  on  three  sets  of  samples, 
each  at  a  different  elevated  temperatures  (40,  60  and 
80“C) .  The  impedance  spectrum  was  taken  at  room  tem¬ 
perature,  the  sample  wa9  Incubated  at  the  test  temper¬ 
ature  for  1.5  h  and  the  impedance  spectrum  was  taken 
at  the  elevated  temperature.  The  sample  was  equili¬ 
brated  at  room  temperature  for  1.5  h  and  a  spectrum 
was  recorded.  Epoxy  samples  were  equilibrated  at 
ambient  laboratory  conditions  (22“C  and  50%  RH)  for 
approximately  2  weeks  and  a  final  spectrum  recorded. 


Table  1  shows  the  results  of  impedance  measure¬ 
ments  on  the  epoxy,  polybutadiene  and  polyester  coat¬ 
ings.  Polybutadiene  and  polyester  exhibited  a  lesser 
temperature  dependence  versus  epoxy,  only  differing  by 
approximately  an  order  of  magnitude  at  1  mHz  between 
room  temperature  and  80°C.  However,  the  epoxy  exhib¬ 
ited  a  substantial  temperature  dependence.  At  80°C , 
the  impedance  of  the  epoxy  decreased  by  a  factor  of 
more  than  104  relative  to  the  room  temperature  value 
at  1  mHz . 


TABLE  1 


Summary  of  Impedance  Data 


Sample 

Temperature 

Log  m . 

Log  |Z|, 

ft  -  cm2 

0  -  cm2 

(1  mHz) 

(1  kHz) 

Epoxy 

1st  RT 

10.9 

6.6 

40°C 

9.2 

6.3 

60°C 

6.7 

6.2 

80“C 

6.1 

5.7 

2nd  RT 

9.0 

6.4 

Final  RT 

10.8 

6.6 

Polybuta- 

1st  RT 

10.4 

6.0 

diene 

40°C 

10.3 

5.9 

60°C 

9.9 

6.0 

80*C 

9.6 

5.8 

2nd  RT 

10.2 

6.0 

Polyester 

1st  RT 

10.8 

6.2 

Enamel 

60°C 

9.2 

6.0 

2nd  RT 

10.4 

6.1 

The  behavior  of  all  three  coatings  was  rever¬ 
sible.  The  second  room  temperature  spectra  of  the 
polybutadiene  and  polyester  were  within  0.4  order  of 
magnitude  of  the  first  spectrum  run  at  room  tempera¬ 
ture.  This  reversibility  was  not  observed  immediately 
with  the  epoxy.  However,  after  two  weeks  of  exposure 
to  the  atmosphere,  the  epoxy  samples  yielded  spectra 
identical  to  those  obtained  initially  at  room  tempera¬ 
ture  . 

The  phenomena  described  above  have  important 
consequences  in  understanding  charge  transport  through 
polymeric  coatings. 
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Acoustic  Microscopic  Evaluation  of  Hytfroxy -Terminated 
Polybutadiene  on  Steel 

M.  Kendig,  R.  Addison  and  S.  Jeanjaquet 
Rockwell  International  Science  Center 
Thousand  Oaks,  C A  91360 


Introduction 

Corrosion  of  organic  polymer -coated  steel  involves  the 
initiation  of  anodic  dissolution  of  the  metal  at  virtual  pores 
or  defects  in  the  coating. '*2  The  anodic  defect  drives  the 
adjacent  region  cathodic  where  oxygen  reduction  occurs, 
thereby  maintaining  the  corrosion  reaction.  The  reduction  of 
oxygen  produces  a  locally  alkaline  environment  at  the 
coating/metal  interface  which  causes  disbonding  and  there¬ 
fore  allows  the  corrosive  degradation  of  the  coated  steel  to 
propagate. 

Until  now,  no  rapid  nondestructive,  in  situ  technique  was 
available  for  characterizing  the  disbonding  morphology  while 
instantaneously  measuring  the  disbond  rate.  Although  optical 
microscopy  might  be  considered  for  in  situ  monitoring 
cathodic  disbonding  of  polymer  coatings,  the  sensitivity  of 
acoustic  microscopy  to  a  disbond  or  weak  bond  as  compared 
to  optical  microscopy  makes  it  a  superior  method  for  detec¬ 
tion  of  features  at  the  disbond  front,  such  as  zones  of 
polymer  swelling,  weak  fluid  boundaries  and  microblistering. 
Contrast  in  optical  micrographs  depends  on  the  degree  of 
refractive  index  mismatch  between  the  fluid  of  the  disbond 
and  the  polymer  which  is  not  great,  whereas  acoustic 
microscopy  depends  on  the  acoustical  impedance  mismatch 
between  interfaces  with  and  without  weak  bonds  or  dis¬ 
bonds.  The  contrast  observed  with  scanning  acoustic 
microscopy  (SAM)  is  governed  by  the  interaction  of  surface 
waves  with  the  interface  (as  shown  schematically  in  Fig.  1), 
and  is  therefore  sensitive  to  the  mechanical  properties  of 
solid/solid  interfaces.  Furthermore,  differences  in  the 
velocity  of  sound  in  the  coating  polymer,  as  governed  by 
water  uptake  and  extent  of  crosslinking,  may  be  expected 
under  certain  conditions  to  provide  acoustic  contrast.  An 
example  of  this  last  point  is  our  observation  that  alkaline 
degradation  of  hydroxy -terminated  polybutadiene  which 
shows  no  optical  contrast  gives  a  pronounced  acoustic 
microscopic  contrast. 

We  have  recently  applied  acoustic  microscopy  to  the 
study  of  cathodic  disbonding  of  polymer -coated  steel.3*4 

Experimental 

A  filtered  (0.2  urn)  solution  of  four  parts  of  hydroxy- 
terminated  polybutadiene  (PBOH)  (R45HT  from  the  Sartomer 
Co.)  in  three  parts  mineral  spirits  containing  Modiflow*(0.l% 
by  weight  of  active  ingredients)  were  spin-coated  on  polished 
600  grit  and  degreased  0.055  cm  thick  steel  coupons.  Some 
additional  surface  preparations  were  also  used.  The  samples 
were  air  dried  and  degreased  at  room  temperature  for  12  h 
followed  by  a  cure  in  an  air  oven  reaching  205°C  for  9  min. 

The  resulting  coupons  were  scribed  (2.5  cm  perpendicular 
marks  using  a  SiC  tool)  and  placed  with  the  scribe  mark  to 
the  electrolyte  in  the  acoustic  microscope  cell  shown  in 
Fig.  2.  In  this  manner,  the  specimens  could  be  polarized  to 
different  cathodic  potentials  and  monitored  in  suu  as  a 
function  of  time  with  the  acoustic  microscope.  The  region 
monitored  was  always  chosen  to  be  adjacent  to  the  scribe 
mark  parallel  to  the  600  grit  polishing  scratches. 

Results 

Figure  3  shows  a  typical  time  development  of  the  disbond 
in  the  region  adjacent  to  the  scribe  (scribe  is  on  the  left).  As 
the  cathodic  potential  is  applied,  a  zone  containing  what 
appear  to  be  spherical  "microblisters"  grows  away  from  the 
scribe  with  time.  The  distance,  d,  that  this  region  extends 
away  from  the  scribe  varies  with  the  square  root  of  time,  and 
can  be  described  by  the  equation 


d  =  Kd(t-t0)1/2  for  t  >  t0  (I) 

which  is  plotted  for  several  experiments  in  Fig.  4.  The  slope 
shows  a  general  increase  with  decreasing  potential  and  the 
initiation  time,  tQ,  appears  to  decrease  with  increasing 
cathodic  polarization.  The  fringes  around  the  "microblisters" 
result  from  changes  in  the  velocity  of  leaky  surface  waves 
that  produce  alternating  constructive  and  destructive  inter¬ 
ference  as  the  acoustic  path  changes  by  a  half  wavelength 
with  blister  growth  above  the  coating  metal  interface.  Given 
the  1  GHz  wavelength  of  the  acoustic  waves,  a  rise  of  1-2  ym 
is  estimated  for  the  "blister"  growth.  However,  combined 
acoustic  and  optical  microscopy  leads  to  the  conclusion  that 
the  "microblisters"  exist  entirely  within  the  polymer  and  do 
not  result  from  local  swelling  that  lifts  the  polymer.  This 
suggests  that  the  features  are  not  actually  "blisters"  as  such, 
but  result  from  the  transformation  of  regions  of  the  polymer 
by  reaction  with  sodium  hydroxide  formed  at  the  interface. 
In  a  simple  test,  we  found  that  a  IM  sodium  hydroxide  droplet 
applied  to  the  polymer  irreversibly  altered  the  acoustic 
behavior  of  the  film. 

In  general,  the  "microblisters"  correlate  with  the  dis¬ 
bonding.  However,  acoustic  micrographs  on  highly  polished 
surfaces  required  for  optimum  resolution  suggest  that  pre¬ 
liminary  disbonding  occurs  slightly  before  the  formation  of 
the  "microblister"  front. 

The  ability  to  follow  the  kinetics  of  disbonding  using 
acoustic  microscopy  has  allowed  a  precise  determination  of 
the  dependence  of  cathodic  oisbonding  on  the  applied  poten¬ 
tial  and  has  allowed  us  to  rapidly  distinguish  between  the 
effectiveness  of  various  surface  treatments  for  improving 
adhesion  in  the  presence  of  a  corrosive  environment. 
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1.6  MIN 


Schematic  of  the  acoustic  lens  illustrating  the  generation 
of  a  surface  acoustic  'wave  fS/VJA  by  rays  incident  on  the 
surface  at  the  appropriate  angle  (oR).  The  SAW 
propagates  along  the  surface  as  it  reradiates  energy  back 
into  the  water.  Some  of  this  energy  enters  the  lens  at 
the  correct  distance  from  the  lens  axis  to  be  refracted 
parallel  to  the  lens  axis  and  returns  to  the  transducer. 


HYDROXY-TERMINATED  POLYBUTADIENE 
600  GRIT  P*D  8TEEL 
-660  mV  Ag/AgCI 
0.6M  NaCI 


2.  Schematic  of  the  in  situ  cell. 


3.  Acoustic  micrograph  for  a  hydroxy-terminated  polybu¬ 
tadiene  coated  steel  specimen  for  1.5,  35.3  and  100.3  min 
exposure  at  -850  mV  vs  Ag/AgCI. 


ft.  The  distance  of  the  disbond  from  the  scribe  mark,  d,  as  a 
function  of  the  square  root  of  time  in  minutes  for  scribed 
specimens  polarized  at  the  indicated  potentials  vs 
Ag/AgCI. 
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CORROSION  OF  INORGANIC  COATINGS  IN  MOLTEN 
SODIUM  POLYSULFIDE 

P.  Tanzella 
M.  McKubre 

SRI  International 
Menlo  Park,  California  94025 

An  important  failure  mode  for  Na/S  cells  is 
believed  to  be  corrosive  attack  of  the  current 
collector  or  container  by  the  sodium  polysulfide.  We 
have  manufactured  and  tested  several  coatings  which  are 
expected  to  be  electron-conductive,  and  resistant  to 
corrosion  by  sodium  polysulfide.  Also  coatings  which 
are  expected  to  form  on  electron-conductive  corrosion 
product  layers  were  tested.  AC  impedance  spectroscopy 
was  used  to  evaluate  the  corrosion  of  the  coatings 
while  exposed  to  sodium  polysulfide. 

Inorganic  coatings  were  prepared  via  three 
methods.  First,  alloy  coatings  of  NiZr,  NiTi  and  NiCe 
were  prepared  by  dipping  cylindrical  steel  substrates 
into  the  appropriate  eutectic  composition  at  ~100®C 
above  their  respective  melting  points.  Ibis  high 
processing  temperature  precluded  the  use  of  aluminum 
substrate.  Coatings  of  NiTi  were  reacted  with  low 
partial  pressures  of  oxygen  and  nitrogen  at  elevated 
temperatures  to  selectively  form  Ti02  and  TiNx  layers 
respectively.  A  NiCe  alloy  was  chosen  in  hopes  that  a 
conductive  CeSx  coating  would  form  in-situ  and 
passivate  against  further  corrosion. 

A  SigN^  coating  was  prepared  by  polymerization  of 
a  [ Si ( CH3 ) 2  NCHj]x  oligomer.  The  ceramic  silicon 
nitride  formed  is  electron-conductive  and  resistant  to 
oxidation  at  350°C.  The  polymerization  of  the  silizane 
was  carried  out  at  400°C  and  was  used  to  coat  aluminum 
substrates.  Arc  plasma  spray  methods  were  used  to  coat 
aluminum  substrates  with  NiTi  and  NiZr  coating.  The 
small  particles  cool  quickly  and  don’t  heat  the 
substrate  to  more  than  200*C.  The  NiTi  surface  was 
nitrided  by  passing  nitrogen  with  the  powder  into  the 
plasma.  CeS  which  melts  at  over  2500°C  was  applied 
directly  to  an  A1  substrate  using  this  technique. 

In  different  experiments,  five  samples  and  a 
carbon  rod  were  exposed  to  molten  sodium  polysulfide 
(Na2S7  or  Na2S^3>  at  350*0  in  a  graphite  crucible  In  a 
pressure  vessel.  A  pseudo-galvanostatic  AC 
perturbation  was  applied  via  a  potent ionstat  while  the 
real  and  imaginary  components  of  the  voltage  and 
current  across  the  saop2e  were  measured.  Generally, 
the  impedance  responses  could  be  attributed  to  a 
Randles  type  equivalent  circuit  and  discreet  diffusion- 
controlled  and  kinetic  controlled  processes  were 
identified.  The  diffusion  of  Sx"  to  the  substrate  was 
predicted  to  be  the  rate-determining  step  in  the 
corrosion  process. 

The  nitrided  NiTi  alloy  survived  exposure  with  the 
least  amount  of  damage.  The  Si^N^  and  CeS  coatings 
showed  the  most  promising  results  of  the  other  samples 
suggesting  that  further  work  is  warranted.  Pure  Ce  and 
NiCe  alloy  both  dissolved  through  formation  of  a  CeSx 
non-passivating  corrosion  product.  The  remaining 
coatings  tested  showed  unacceptable  levels  of  corrosion 
when  exposed  to  molten  polysulfide. 
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THE  MECHANISM  OF  BLISTER  FORMATION  AND  RUPTURE  IN  THE 
PITTING  OF  ION- IMPLANTED  ALUMINUM 

P.  M.  Natl shan  and  E.  McCafferty 
Naval  Research  Laboratory 
Washington,  DC  2 0375-5000 


Scanning  electron  and  optical  microscopy  of 
ion- imp! anted  aluminum  after  anodic  polarization  in 
deaerated,  0.1M  NaCl  has  shown  that  corrosion  pits  are 
associated  with  the  formation  and  rupture  of  blisters 
caused  by  gas  evolution  at  the  oxide/metal  interface. 
See  Figure  I  for  an  example  of  a  ruptured  blister. 

The  physical  appearance  of  these  blisters  and 
calculations  of  hydrogen  pressure  support  a  modified 
version  of  the  mechanisms  proposed  by  Bargeron  and 
Givens  (1,2)  for  blister  formation  and  rupture  on 
aluminum  and  anodized  aluminum. 

The  observations  in  this  investigation  differ 
from  those  of  Bargeron  and  Givens  in  that  cracks  of 
various  size  were  seen  to  radiate  from  the  centers  of 
the  blisters  and  were  present  before  total  rupture. 
These  cracks,  which  are  referred  to  here  as  secondary 
cracks,  appear  to  initiate  at  and  propagate  from  a 
primary  crack  or  from  a  pore  leading  from  the  solution 
to  the  oxide/metal  interface.  These  secondary  cracks 
are  apparently  the  result  of  stresses  caused  by 
hydrogen  production  at  the  oxide/metal  interface.  The 
secondary  cracks  propagate  perpendicular  to  the 
initial  imperfection;  and  when  the  hydrogen  pressure 
is  great  enough,  the  oxide  film  ruptures. 

Griffith-type  calculations  show  that  the  internal 
hydrogen  pressure  required  to  rupture  a  typical 
blister  is  of  the  order  of  103  atmospheres,  whereas 
thermodynamic  data  indicate  that  the  internal  hydrogen 
pressure  generated  within  localized  corrosion  cells  on 
aluminum  is  about  104  atmospheres.  Thus  the  internal 
hydrogen  pressure  is  sufficiently  large  to  cause 
rupture  of  blisters  on  aluminum. 
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Figure  1.  Ruptured  blister  on  aluminum  implanted  with 
4  atomic  percent  molybdenum. 
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Introduction 


The  photoresponse  of  the  stainless  steel 
in  neutral  medium  was  identified  in  previous 
reports.  Photoresponse  measured  in  acidic 
medium  has  not  been  reported.  In  this  work  we 
obtained  the  photoresponse  in  acidic  medium 
when  Cl~  ions  were  added  into  0 . 5M  H,SO«  so¬ 
lution.  The  photocurrent  increased  crradually 
when  the  total  current  increased  rapidly.  To 
the  best  of  authors'  knowledge,  no  work  has 
LyC-r.  found  on  this  topic. 

Experimental  Methods 

All  experiments  were  performed  on 
lCr 18Ni9Ti  type  stainless  steel  electrode 
with  diame*er  of  0.5  cm.  The  electrode  was 
sealed  with  epoxy  resin  (DEVCOIU  . and  only  the 
working  area  was  exposed . 3ef ore  using  in  each 
experiment . it  was  polished  with  emery  papers 
to  irirror-like  briahtness.  then  rinsed  with 
alcohol  and  distilled  water  separately  <  1 ).  All 
solutions  were  deaerated  with  purified  ni¬ 
trogen.  The  reference  electrode  was  Hc/Ha,Cl2 
in  the  same  solution  and  all  potentials  re¬ 
ported  here  were  referred  to  the  normal  hy- 
droaen  electrode  (NHE) .  The  liaht  source  was 
40  watt  halogen- tunas  ten  lamp  with  liaht  in¬ 
tensity  of  81  rw/cr1  .  The  phctocurrent s  mea¬ 
sured  with  chopper  frequency  11.1  Hz  were 
interfaced  to  IBM-PC/XT  computer  after  it  had 
been  amplified  by  lock-in  amplifier  (PAR 
M5206,  time  constant  of  lew  pass  filter  is  3 
seconds).  The  computer  had  the  functions  of 
data  discrimination  and  data  averaaeina.  All 
measurements  were  conducted  at  room  tempera¬ 
ture  of  21 ±2°C  with  circuit  improved  on  the 
basis  of  (2.3)  (see  Fia.l) 

Results  and  Discussion 


Ficr. 2  shows  the  variation  of  the  photo¬ 
current  ip/,  and  total  current  I,  with  time. 
The  electrode  was  passivated  in  0 . 5M  HjSO«at 
0.70  V  for  10  minutes,  no  photoresponse  had 
been  detected  in  this  per iod . Concentrated  KC1 
was  added  at  zero  second  to  0.4M.  three  cu¬ 
rrents  were  measured  chronom.e  tr  ically  'photo¬ 
current  Ip/,  ,  the  readout  of  the  same  Ip/,  when 
light  was  chopped  off  manually  and  the  total 
current  passing  the  electrode  If).From  Fig. 2. 
it  reveals  that  Iph  can  be  stabilized  at  zero 
for  some  time.  This  relates  to  the  induction 
tine  of  pitting.  Afterwards  I p/,  start  in- 
creasina  at  about  360th  second  and  relevent 
total  current  also  increased  aradually.lt  ob¬ 
viously  meant  that  pittina  started.  From  the 
fact  that  I  pf,  still  decreased  to  zero  as  liaht 
was  chopped  off.  we  confirmed  that  Ip/,  measured 
was  real  photocurrent.  No  other  reason  such 
as  instrumental  characteristics.  electric 
noise  etc.  may  be  account  for  this  Ip/,  . 

Fia.3  shews  the  typical  results  in  the 
case  that  the  electrode  was  derectly  inserted 
in  0 . 5M  H,SO<  +0.3SM  KC1  solution  at  0.70  V 


and  all  currents  were  measured  at  once.  The 
induction  time  of  pittina  was  shorter  than 
that  cf  Fia.2.  The  phctocurrent  was  increased 
aradually  still  the  same  as  the  total  current 
increased  rapidly.  The  liaht  was  chopped  on 
and  off  manually  at  periods  of  60  seconds  for 
each  case . Apparently  we  still  obtained  'true' 
I ph  because  this  Ip/,  decreased  to  almost  zero 
when  light  was  off . 

Fia . 4  shows  the  results  when  the  elec¬ 
trode  surface  was  illuminated  continuously. 
All  other  experimental  conditions  remaned 
similar  to  Fig.  3.  The  increasina  rate  of  Ip/, 
and  1/  are  laraer  than  that  of  Fia.3.  A  po¬ 
ssible  partial  excloration  is  pho tccorrcsicn . 

Fia. 5  shows  the  influence  of  concen¬ 
tration  of  Cl*  ions  where  it  was  changed  to 
0 . 30M . In  this  case  the  computation  of  the  two 
orocesses  (forming  cf  pittina  and  repairino 
of  film  on  the  electrode  surface)  resulted  in 
the  fluctuation  cf  If  .  Ip/,  also  fluctuated 
correspondinaly  and  became  ncisy.  We  found 
0.30M  of  Cl”  of  the  above  phenomenon  is 
critical  concentration. 

In  Fia. 6. the  solution  was  not  deaerated 
with  purified  nitroaen.  The  increasina  rate 
of  I,  was  slower  than  that  of  Fig. 5.  It  re¬ 
sulted  from  elimination  of  fluid  movement  due 
to  nitroaen  bubbling. 

The  Ip/,  measured  were  always  position, 
this  was  due  to  the  n-type  semiconduct ive 
property  of  the  electrode  1 4 !  .  We  believe  the 
increase  of  Ip/,  when  Cl"  existed  in  solution 
was  mainly  the  result  of  oxygen  ions 
of  the  passive  film  partly  replaced  by  chlo¬ 
ride  ions  (5).  Chanaes  cf  related  energy 
levels,  band  aap.  surface  states  as  well  as 
concentration  of  char ae  carriers  may  be  also 
responsible  for  this  effect.  Ilo  conclusion 
should  be  made  at  this  moment. but  the  present 
method  can  prcfcally  be  used  to  detect  the  in¬ 
duction  period  of  pittina  and  study  the 
chanaes  of  composition  and  structure  cf  the 
electrode  surface  when  C 1~  ions  were  added. 
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reaction  at  low  pH  solution. 
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Electrochemical  measurements  with  a  computerized 
potentiostat  were  performed  to  study  the  corrosion 
behavior  of  Inconel  600,  high-Nickel  alloy,  in  1H 
H2SO4  at  room  temperature.  Cathodic  and  anodic 
polarization  curves  of  Inconel  600  were  measured  under 
non-steady  state  potentiostatic  conditions  by  applying 
large  overpotential  with  respect  to  corrosion 
potential,  Ecorr. 

Corrosion  current,  corrosion  rate  and  Tafel 
constant  were  calculated  from  the  polarization  curves 
obtained  in  the  absence  and  presence  of  halide  ions, 
Cl“,  Br“  and  I”.  The  corrosion  currents  were 
determined  by  extrapolation  of  the  anodic  and  caLhodic 
branch  of  the  polarization  curves.  Corrosion  rate, 
then,  was  estimated  using  the  following  equation, 

(0.13)  (i  )  (E.W) 

Corrosion  rate(MPY)  *  - - - 


where  icorr  is  corrosion  current,  E.W  is  the 
equivalent  weight  in  grams,  d  is  the  density  of 
Inconel  600  in  grams  per  cro^  and  0.13  is  conversion 
factor  to  represent  corrosion  rate  with  miliinch  per 
year . 

From  the  analysis  of  cathodic  polarization 
curve,  it  is  observed  that  the  reduction  of  hydronium 
ion,  probably  main  reaction  at  cathodic  process  in 
acidic  solution  in  the  N2  atmosphere,  is  interf erred 
by  the  adsorption  of  the  halides.  In  the  presence  of 
iodide,  reduction  of  iodine  produced  in  low  pH 
solution  seems  to  occc^  simultaneously  with  the 
reduction  of  hydronium  ion.  It  is  also  observed  that 
iodide  ion  inhibit  both  charge  transfer  controlled 
corrosion  reactions,  i.e.,  cathodic  uydrogen  evolution 
and  anodic  metal  Ion  dissolution. 

The  dissolution  of  each  components  of  Inconel  600 
at  the  anodic  process  is  also  affected  by  the  presence 
of  halides.  It  is  noticeable  that  the  value  of  anodic 
Tafel  constant  is  decreased  as  the  concentration  of 
chlorides  increases.  This  indicates  that  rate  of 
dissolution  of  Inconel  600  becomes  faster  in  the 
presence  of  chloride.  In  the  case  of  iodide,  strong 
adsorption  of  iodide  may  retard  the  dissolution  of  the 
alloy  or  the  formation  of  porous  layers  of  oxidic 
corrosion  products.  Therefore,  the  corrosion  rate  of 
the  alloy  seems  to  be  decreased. 

The  surface  morphology  of  the  alloy  electrode  was 
observed  with  a  scanning  electron  microscope  and 
oxidic  corrosion  products  formed  on  the  surface  of  the 
electrode  were  analyzed  by  X-ray  fluorescence.  The 
mixed  oxide  containing  NiOx  was  formed  on  the  surface 
of  the  electrode  eventhough  Ni(II)  ion  is  the  most 
stable  species  in  low  pH  solution,  which  is  expected 
from  Pourbaix  diagram.  Analysis  of  X-ray  fluorescence 
spectrum  indicates  that  composition  of  the  mixed  oxide 
is  slightly  different  from  that  of  Inconel  600  without 
oxide  and  the  amount  of  chromium  in  the  mixed  oxide  is 
relatively  more  abundant  than  the  bare  Inconel  600. 
From  the  comparison  of  the  standard  reduction 
potential  of  Ni,  Cr,  Fe.  main  components  of  Inconel 
600,  it  is  expected  that  chromium  is  more  likely  to  be 
oxidized  than  the  other  components,  i.e.,  Ni  and  Fe. 

Among  the  tested  halide  ions,  the  effect  of 
bromide  on  the  corrosion  rate  is  negligible  and 
chloride  Is  more  corrosive  than  the  others.  It  is 
concluded  that  reduction  of  iodine  is  a  main  cathodic 
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OF  MILD  STEEL 


Mark  Ingle,  Richard  D.  Granata,  and 
Henry  Leidheiser,  Jr. 

Departments  of  Chemistry  and  Materials  Science 
&  Engineering,  and  the 
Zettlemoyer  Center  for  Surface  Studies 
Lehigh  University,  Bethlehem,  PA  18015 

Crevice  corrosion  of  structural  steels  is  a  seri¬ 
ous  problem  affecting  exposed  structures  such  as 
bridges  and  utility  towers.  This  work  was  undertaken 
to  obtain  information  about  the  principles  governing 
this  phenomenon. 

The  crevices  were  formed  between  a  1018  steel 
cylinder,  a  concentric  steel  pipe,  and  a  transparent 
cover  of  ACRYCAL  plastic.  All  samples  were  25  or  50 
mm  in  diameter.  Experimental  data  obtained  included: 
change  in  dimension  caused  by  corrosion  product 
buildup,  current  flow  between  interior  and  exterior 
surfaces  of  the  crevice,  potential  within  the  cre¬ 
vice,  pH  within  the  crevice  and  the  electrochemical 
impedance.  Three  different  electrolytes  were  uti¬ 
lized:  distilled  water,  3%  NaCl  and  pH  4.5  H2SOA. 
The  crevice  specimens  were  immersed  in  electrolyte 
and  removed  from  the  electrolyte  on  a  regular  cycle. 
The  interior  of  the  crevice  remained  wet  even  after 
the  specimen  was  removed  from  the  electrolyte. 

The  corrosion  in  the  crevice  was  most  severe  when 
the  specimen  was  removed  from  the  electrolyte  and 
atmospheric  oxygen  diffused  into  the  solution  trapped 
in  the  crevice.  Specimens  exposed  to  3%  NaCl  elec¬ 
trolyte  yielded  a  solution  with  the  lowest  pH  in  the 
crevice,  4.2.  This  low  pH  may  be  explained  by  the 
oxygen  access  to  the  solubilized  ions  in  the  crevice. 
When  the  crevice  solution  was  exposed  to  atmospheric 
°2«  the  ferrous  ions  in  the  crevice  solution  oxidized 
to  ferric  ions.  Subsequent  hydrolysis  of  the  ferric 
ions  significantly  lowered  the  pH  within  the  crevice. 
Immersion  of  the  specimen  in  fresh  electrolyte  after 
exposure  to  atmospheric  oxygen  resulted  i;i  the  pH 
returning  to  near  neutral  values. 

Impedance  measurements  were  performed  period¬ 
ically  on  freely  corroding  crevice  specimens  in  order 
to  characterize  the  initial  corrosion  rate  in  the 
crevice.  The  buildup  of  corrosion  products  in  the 
crevice  caused  the  solution  resistance  to  increase 
and  the  corrosion  rate  to  decrease. 

The  dimensional  changes  of  the  crevice  corrosion 
specimens  were  measured  over  a  5000-hour  period.  The 
dimensional  changes  were  caused  by  corrosion  products 
filling  the  initial  gap,  exerting  pressure  on  the 
assembly,  and  eventually  deforming  the  crevice  corro¬ 
sion  specimens.  Table  I  shown  measurements  of  these 
dimensional  changes  in  specimens  exposed  to  repeated 
cycles  of  immersion  in  3%  NaCl  for  1  day  followed  by 
exposure  to  a  98%  humidity  atmosphere  for  7  days. 

These  laboratory  measurements  of  crevice  expan¬ 
sion  induced  by  corrosion  product  buildup  correlate 
with  field  observations  of  deformation  in  structural 
connections  due  to  mild  steel  crevice  corrosion.  The 
significance  of  the  wet/dry  cycle  on  the  crevice 
corrosion  of  mild  steel  is  also  apparent  from  these 
studies . 


Table  I 


25  mm  Diameter  1018 

Steel  Crevice 

Dimensional 

Changes 

Original  Crevice 

Net  Dimen 

sional  Chanp 

e  in  mm 

GaD 

500  h 

1000  h 

5000  h 

(mm) 

(mm) 

(mm) 

(mm) 

0.025 

0.00 

0.038 

0.063 

0.13 

0.013 

0.10 

0.14 

0.18 

0.051 

0.19 

0.29 

0.30 

0.11 

0.30 

0.47 

0.41 

0.10 

0.14 

0.17 

0.46 

0.20 

0.25 

0.36 

0.56 

0.025 

0.076 

0.19 
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THE  ELECTROCHEMISTRY  OF  CHROMIUM  AND 
CHROMIUM-PHOSPHORUS  ALLOYS 


T.P.  Moffat,  R.M.  Latanision, 

MIT,  Dept,  of  Mat.  Sci.  and  Eng.,  8-202, 

Cambridge,  MA  02139 

and 

R.R.  Ruf,  IBM  Thomas  J.  Watson  Research  Center, 
Yorktown  Heights,  NY 

It  is  fairly  well  established  that 
chromium-metalloid  interactions  represent  the  key  to 
understanding  the  remarkable  corrosion  behavior  of 
Fe-Cr-meta! loid  metallic  glasses.  Consequently,  the 
electrochemistry  of  a  series  of  rapidly  quenched  Cr-P 
alloys  are  being  examined.  These  materials  exhibit^ 
very  high  corrosion  resistance  in  highly  acidic  Cl 
media  (i.e.  12M  HC 1 ) .  Examination  of  these  materials 
by  a  variety  of  electrochemical  techniques  as  well  as 
XPS  yields  the  following  conclusions.  The  corrosion 
resistance  can  be  attributed  to  two  effects  a)  the 
passive  films  formed  on  these  materials  contain 
oxidized  phosphorus  species  which  inhibit  the 
adsorption  of  the  aggresive  Cl"  species  and  more 
importantly  b)  if  film  breakdown  occurs,  spontaneous 
passivation  immediately  follows  due  to  significant 
depolarization  of  the  hydrogen  reaction  on  these 
materials.  This  is  thought  to  be  associated  with 
phosphorus  hydride  redox  chemistry. 

It  is  proposed  that  a  more  general 
understanding  of  the  el ectrochemi cal  behavior  of 
transition  metal -metal loid  glasses  may  be  obtained  by 
comparing  the  passivation  potential  of  the  base 
transition  element  with  the  redox  potential  of  the 
elemental  metalloid  Hydrides  as  shown  in  the  figure 
below. 


POTENTIAL 
(V,  SCE) 


E^e'-OAOO 

E?i--.Q200 


H2/H‘-^-Q242 


Cr/CrH  - 

p/ph3- 

B«2h6 


E^r-|--0439 


-0332 

-0353 

-0385 


E^  ='Elade  potential 
A/ A*  =  Nernst  potential 
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The  presence  of  both  Cr  and  P  in 
transistion-metal  metalloid  glasses  has  been 
observed  to  promote  the  development  of  very 
stable,  protective  passive  films  (1).  In 
order  to  investigate  the  interaction  of  Cr 
and  P  in  the  formation  of  passive  films  four 
alloy  systems  where  chosen  for  study;  Ni-20P, 
N i -2  0P-3Cr ,  Ni-20P-6Cr  and  Ni-20P-10Cr 
(at.%).  All  the  alloys  were  prepared  by  melt 
spinning  and  the  glassy  structure  was 
confirmed  by  X-ray  and  electron  diffraction, 
and  by  transmission  electron  microscopy. 

We  have  examined  the  anodic  behavior  and 
the  composition  of  the  passive  film  formed  on 
these  alloys  in  0.2N  HC1  (pH=0.7)  and  0.2N 
H2S04  (pH=1.2)  using  electrochemical 
techniques  and  surface  analysis  (XPS  and  AES) 
(2,3).  A  very  interesting  property  of  the 
glassy  alloys  containing  either  P  or  P  and  Cr 
together  is  their  insensitivity  to  Cl  ion 
attack.  We  have  speculated  that  this  may  be 
due  to  a  cation  selective  effect  which  is 
induced  by  phosphate  anions  in  the  outermost 
portion  of  the  passive  film.  Increasing  Cr 
additions  enhances  this  effect.  The  alloys 
exhibit  wider  passive  potential  regions  and 
lower  passive  current  densities  as  the  Cr 
content  is  increased.  A  second  interesting 
property  of  the  Ni-P-Cr  alloys  is  the 
composition  and  chemical  make-up  of  the 
passive  film.  XPS  results  obtained  from  the 
surfaces  of  the  polish-formed  films  and 
passive  films  on  the  glassy  alloys  show  the 
polish-formed  films  to  contain  Cr203 ,  which 
is  considered  by  many  to  be  the  main 
passivating  species  of  stainless  steels  (4), 
however  the  passive  films  on  the  glassy 
alloys  were  observed  to  contain  no  Cr203-  We 
have  also  employed  the  same  techniques  to 
examine  the  passive  films  formed  on 
Lompar'jble  crystalline  counterparts,  i.e.  Ni 
and  Ni  lOCr.  In  general,  we  observe  the 
passive  films  on  the  crystalline 
counterparts  to  be  composed  of  an  oxide  inner 
layer  and  hydroxide  outer  layer.  The  passive 
films  formed  on  the  glassy  alloys  are 
composed  of  a  chromium  phosphate  inner  layer 
and  chromium  hydroxide  outer  layer  in  the 
lower  passive  potential  regime 
(approximately  -300  to  +200  mV(SCE)),  and 
appear  to  polymerize  into  a  single  phase 
chromium  hydrogen  phosphate  film  at  higher 
potentials. 

A  second  portion  of  the  study  is 
concentrated  on  examining  the  passive  film 
formed  on  the  Ni-20P-10Cr  alloy  in  both 
neutral  and  basic  pH  ranges.  For  this 
purpose  we  chose  0.3M  NaCi  (pH=5.4)  as  the 


primary  electrolyte,  and  titrated  this 
solution  with  NaOH  to  examine  the  anodic 
behavior  at  higher  pH's.  In  addition  we  have 
also  added  0.16M  NaMo04  to  the  base  0.3M  NaCl 
to  determine  if  M0O4  anions  interact  with  the 
passive  Ni-P-Cr  surface.  Specifically  we  are 
interested  in  determining  why  solution  borne 
anions  do  not  appear  to  interact  with  these 
surfaces  and  if  there  is  a  point  of  pH  iso¬ 
selectivity  (5)  in  these  very  unique  passive 
films. 
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In  a  study  of  surface  amalgamation  on 
the  corrosion  protection  of  galvanized  steel 
in  acid  media,  it  was  recently  found  that 
corrosion  rate  never  exceeds  00  mdd.The 
problem  of  corrosion  of  copper  alloys  in  sea 
water  has  become  a  topic  of  considerable 
interest  with  the  dealloyed  surface  layers. 
Thus,  for  the  corrosion  resistance 
enhancement  of  copper  alloys, we  also  studied 
the  corrosion  protection  of  surface 
amalgamation  by  contact  between  three 
commercial  copper  alloys  and  a  solution 
containing  a  soluble  mercury  salt(HgCl2  ). 

The  materials  used  in  this  study  were 
brass  ( Cu  65.0,Zn  35.0  W/0), bronze  (Cu 

93 . 2 , Sn  6.3  W/0 ) .Cuproni ckel  (Cu  64,0,Ni 

18.0,Zn  17.2  W/0)  and  electrolytic  tough- 

pitch  copper.  Test  solutions  (3%  NaCl  add  0- 
1%  CuCl2  by  weight)  were  prepared  from  reagent 
grade  chemical  and  deionized  water.  Sample 
were  amalgamated  by  immersion  in  a  saturated 
mercuric  chloride  solution  for  1  day  and 
2  days  respectively.  The  average 

corrosion  rates  of  these  uncoupled  specimens 
and  simple  galvanic  cell  (Brass-Cu,  Bronze-Cu 
and  Cupronickel-Cu  )  after  160  hr  in  aerated 
3*NaCl,  3%NaCl+0.  l^CuCl2  and  3%NaCl+l  .OfcCuCl^ 
determined.  The  galvanic  current  densities 
for  coupled  alloys  in  various  solutions  also 
recorded . 

The  corrosion  rates  of  most  uncoupled 
surface  amalgamated  copper  alloys  immersed  in 
various  test  solutions  is  not  improved.  But 
the  corrosion  resistance  of  coupled 
surface  amalgamated  brass  and  cupronickel 
show  excellent  improvement.  This  is 
consistant  with  the  surface  of  metal 
amalgamates  with  brass  and  cupronickel, 
making  them  more  noble  .  The  partial 
resaults  are  listed  in  Table  l  and  2. 
Changes  in  morphology  of  surface  amalgamated 
alloysd  and  corrosion  products  were 

examinated  by  scanning  electron  microscopy 
and  X-ray  diffraction. 


Table  I.  Weight  loss  ( mdd )  of  coupled 
brass-Cu  in  various  solutions 


Test 

solut i on 

Brass-Cu 

Brass* 

-Cu 

3*NaCl 

7.62 

(A. 67) 

-41.0"“ 

(1.91) 

3SNaCl+ 

0 . 1 ZCuC b 

823 

(  100) 

547 

(  503) 

3%NaCl+ 

1  .OXCuCl? 

3037 

(1617) 

675 

(1906) 

*  [Surface  amalgamated  for  2  days 

*  “  :  wt  ga i ned 

()  -.corrosion  rate  of  copper 

Table  II.  Weight  loss  (mdd)  of  coupled 

Cupronickel-Cu  in  various  solutions 


Test 

Solution 

Cupron i eke l-Cu 

Cupronickel "-Cu 

_ 

3fcNaCl 

10.5 

( 12. A) 

651 

(  48) 

3*Nacl+ 

0.1SCuCl2 

336 

(  767) 

041 

(  A61) 

3*NaCl+ 

1  .0*CuCl2 

2098 

(2406) 

-113** 

(4236) 

- - 

*  isurface  amalgamated  for  2  days 

*  * :wt  ga i ned 

( ) icorrosion  rate  of  copper 
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INTRODUCTION 

Nickel  aluminide,  N13AI,  is  a  promising  structural  material 
because  of  its  high  strength.  However,  polycrystalline  NiaAl 
is  intrinsically  brittle,  especially  at  low  temperatures. 
Recently,  the  ductility  of  polycrystalline  Ni3AI  has  been 
improved  by  controlled  microalloying  with  boron.  This 
important  development  has  increased  interest  in  NUAI  and 
derivative  alloys  for  high  temperature  applications  such  as 
gas  and  steam  turbines,  and  casting  molds  for  Al  and  glass, 
as  well  as  low  temperature  applications  such  as  forging 
dies  and  oil  and  gas  well  fittings.  NiaAl  is  also  being 
studied  as  both  a  matrix  and  reinforcing  material  in  metal 
matrix  composites. 

Published  information  on  the  corrosion  of  NiaAl  and 
derivative  alloys  is  limited  (1,2).  As  a  result,  this  investiga¬ 
tion  on  the  aqueous  and  stress  corrosion  behavior  of  NbAI 
was  conducted. 


EXPERIMENTAL 

Aqueous  and  stress  corrosion  studies  were  carried  out  in 
0  5  M  solutions  of  NaOH,  NaCI,  NazSOa,  and  H2SO4 
These  electrolytes  represent  conditions  of  high  nickel  and 
low  aluminum  corrosion  resistance  (NaOH),  pitting  of  both 
parent  metals  (NaCI),  passivation  of  both  parent  metals 
(Na2S04),  and  possible  hydrogen  embrittlement  with  low  Ni 
and  Al  corrosion  resistance  fH2S04). 

Nickel  aluminide  specimens  were  IC-50  alloy,  containing 
86.8  w/o  Ni,  11.5  w/o  Al,  1.4  w/o  Ht,  and  .018  w/o  B, 
received  from  Oak  Ridge  National  Laboratory.  The  alloy 
was  studied  in  both  the  cold  worked  and  annealed 
(1 100°C,  vacuum)  conditions. 

Aqueous  Corrosion  Studies 

Electrodes  for  aqueous  corrosion  studies  were  made  by 
embedding  1.25  cm  x  0.076  cm  alloy  specimens  in  epoxy 
resin.  For  comparison  studies,  high  purity  Ni  and  Al 
electrodes  were  made  similarly.  All  electrodes  were 
polished  to  a  0.05  pm  finish,  then  washed  in  ethanol  and 
double  distilled  water  immediately  before  use. 

Each  electrode  was  inserted  into  a  cell  containing  a  Pt 
counter  electrode,  and  an  SCE  reference  electrode  in  a 
capillary  with  a  porous  glass  tip.  The  open  circuit  potential 
was  recorded  vs.  time  until  a  steady  state  value  or  a  drift 
rate  of  no  more  than  a  few  mV  per  hour  was  reached 
Cyclic  voltammetric  sweeps  were  then  made  at  5.  20.  and 
50  mV/sec  over  the  potential  range  between  the  anodic  and 
cathodic  limiting  processes.  Steady  state  voltammograms 
were  recorded. 


The  microstructures  of  the  cold  worked  and  annealed  NiaAl, 
and  the  surface  morphologies  produced  by  exposure  to  the 
test  electrolytes,  were  studied  using  standard  metal- 
lographic  techniques. 

Stress  Corrosion  Studies 

The  stress  corrosion  cracking  (SCC)  resistance  of  cold 
worked  and  annealed  NiaAl  was  evaluated  by  conducting 
slow  strain  rate  (SSR)  tests  at  a  crosshead  speed  of  2.54  x 
10-s  m/sec.  The  NiaAl  specimens  used  in  these  experi¬ 
ments  were  0.076  cm  thick  with  a  gauge  section  2.54  cm 
long  and  0.3  cm  wide.  The  electrolytes  were  contained  in  a 
polyethylene  vessel  sealed  at  the  bottom  with  a  silicone 
sealant  and  open  to  air  at  the  top.  Only  the  specimen,  the 
container  and  the  sealant  contacted  the  electrolyte.  The 
load  and  stroke  were  monitored  and  recorded  by  computer 
and  the  fracture  surfaces  were  examined  in  a  scanning 
electron  microscope  (SEM). 


RESULTS 

Aqueous  Corrosion 

In  all  electrolytes,  the  open  circuit  potentials  (E0c)  of  both 
cold  worked  and  annealed  NiaAl  were  between  those  of  Ni 
and  Al,  as  shown  in  Figure  1.  In  each  case,  the  alloy  Eoc 
values  were  close  to  the  Ni  values,  indicating  that  the  alloy 
behavior  at  open  circuit  was  dominated  by  Ni  surface 
species.  In  0.5  M  N32S04.  where  both  parent  metals  are 
passive,  the  influence  of  nickel  on  the  alloy  open  circuit 
potentials  was  relatively  less  than  in  the  other  electrolytes. 

Voltammetric  behavior  of  the  alloys  was  also  very  similar  to 
that  of  Ni.  In  0.5  M  NaOH,  for  example,  the  peaks  charac¬ 
teristic  of  Ni  valence  transitions  were  also  clearly  observed 
on  NoAl  (Figure  2.)  In  0.5  M  NaCI.  the  current  rise  indicat¬ 
ing  breakdown  of  the  passive  film  began  at  essentially  the 
same  potential  on  Ni  and  NiaAl  (Figure  3).  No  current  was 
observed  on  NiaAl  corresponding  to  the  film  breakdown  on 
Al  at  about  -0.7  VscE. 

Despite  nearly  identical  Eoc  and  current-voltage  charac¬ 
teristics,  the  cold  worked  and  annealed  NiaAl  electrodes 
experienced  different  modes  of  attack  In  0.5  M  NaCI,  for 
example,  large,  separate  c'  <'viar  pits  developed  on  the  cold 
worked  alloy.  The  annealed  alloy,  however,  developed  a 
high  etched  surface  characteristic  of  grain  boundary  attack. 

Stress  Corrosion  Cracking 

The  results  of  the  slow  strain  rate  tests  are  given  in  Tabic-  1 
The  data  indicate  that  the  strain  to  failure  in  all  of  the 
aqueous  electrolytes  is  lower  than  that  observed  in  air.  The 
decrease  in  strain  to  failure,  however,  is  not  very  significant 
except  in  0.5  M  H?S04.  In  that  electrolyte,  both  the  strain  to 
failure  and  the  maximum  tr  nsile  stress  are  greatly  reduced, 
and  the  magnitude  of  this  reduction  as  a  percentage  of  the 
air  values  is  much  greater  for  the  annealed  matenal. 

Examination  of  the  fracture  surfaces  generated  dunng  the 
slow  strain  rate  tests  in  air  showed  a  dimple  fracture 
morphology  indicative  of  ductile  fracture  processes,  with  a 
few  small  regions  of  intergranular  separation.  The  fracture 
morphology  was  essentially  the  same  in  the  aqueous 
electrolytes,  with  the  exception  of  sulfuric  acid  In  0  5  M 
H?SC>4.  the  fracture  surface  was  almost  entirely 
intergranular  with  numerous  secondary  cracks 
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Figure  3  Cyclic  voltammograms  of  Ni,  Al  and  annealed 
NiaAl  in  0.5  M  NaCI  at  a  sweep  rate  of  5  mV/s. 


Table  I:  Results  of  the  slow  strain  rate  tests  on  cold 

worked  (A)  and  annealed  (B)  Ni3AI  in  air  and 
0.5  M  solutions. 
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Figure  1  Open  circuit  potentials  of  Ni,  Al  and  both  cold 
worked  and  annealed  NbAI  in  the  tour  test 
electrolytes. 
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Figure  2  Cyclic  voltammograms  of  Ni  and  annealed 

NijAl  in  0.5  M  NaOH  at  a  sweep  rate  of 
5  mV/s. 
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Variable  angle  XPS  was  employed  to 
detect  the  nature  of  passive  and 
transpassive  films  formed  at  specified 
potentials  on  Mo  in  deaerated  0.1  M  HC1. 
Molybdenum  is  passive  between  -396  mV  and 
125  raV(SCE).  The  passive  films  were  found  to 
be  comprised  of  M0O2  and  Mo(0H)2*  The 
transpassive  product  of  molybdenum  is  a 
mixture  of  M0O0,  Mo0(0H)2»  M02O5  and  M0O3. 
HMo0a~  was  observed  as  a  dissolution 
product. (1)  Molybdenum  appears  to  be  present 
as  hydrated  Mo02» Mo(OH)  2*  and  MoO^  “  in  the 
passive  films  formed  on  the  molybdenum 
bearing  alloys  in  the  same  solution.  Even  in 
the  potential  region  corresponding  to  the 
transpassive  region  of  pure  Mo,  no 
transpassive  products  of  molybdenum  were 
observed.  It  was  proposed  that  in  the 
molybdenum  bearing  alloy,  M0O4  “  anions  are 
formed  in  the  solid  state  along  with  CrO^  “ , 
which  together  are  responsible  for 
producing,  in  0.1  M  HC 1  ,  a  bipolar  film 

consisting  of  a  cation  selective  ^outer  layei 
containing  Cr0/2“  and  MoO^"  and  an 
intrinsically  anion  selective  inner  layer. 
The  ion  selective  property  of  this  duplex 
film  is  considered  to  be  largely  responsible 
for  the  development  of  an  interfacial 
chromium  oxide  barrier  and  resisting  Cl-  and 
0H“  ingress.  Both  of  these  properties 
provide  greater  resistance  to  breakdown  of 
passivity  in  Cl“  ion  media. (2) 

On  comparing  the  difference  of  the 
anodic  behavior  between  pure  Mo  and  the 
alloying  Mo  in  stainless  steels,  the 
following  questions  have  to  be  answered. 

(1)  Why  are  MoO^  '  oxyanions  only 
detected  in  the  passive  films  formed  on 
stainless  steels  and  not  in  those  formed  on 
pure  molybdenum  ? 

(2)  What  causes  Mo  to  stop  forming 
trans  passive  products  in  the  stainless 
steels  at  potentials  corresponding  to  the 
transpassive  region  for  pure  Mo? 

(3)  How  does  MoO^  “  form  ? 

(4)  Is  M  o  0  a  2  ”  transference  and 
redeposition  possible  ? 

To  study  the  mechanism  of  M  o0^  ' 
formation,  XPS  was  used  to  examine  the 
surface  species  formed  on  pure  Mo  following 
anodic  polarization  in  0.1  M  HC1  solution  at 
-180  mV(SCE)  for  1  hour  under  the  influence 
of  Fe  or  Ni  cation  3(3).  The  source  of  the 
metal  cations  was  an  independently 
anodically  polarized  electrode  of  pure  Fe  or 
Ni  brought  into  close  proximity  to  a  high 
purity  Mo  electrode.  It  was  found  that  in 
the  presence  of  Fe  and  Ni  cations  ,  Mo  was 
observed  by  XPS  to  produce  a  similar  passive 
film,  but  in  addition,  M  o  0  4  2  “  was  detected 
on  the  exterior  surface.  However,  when  Cr 
was  polarized  in  the  vicinity  of  Mo,  no 
M0O4  "  W0S  observed  to  form  on  the  film  of 
Mo.  This  was  expected  due  to  the  low  Cr 
cation  flux  generated  by  the  passive  Cr. 
However,  the  surface  of  the  Cr  passive  film 
was  observed  by  XPS  to  contain  MoO^  “  and 


MoO(OH)2  species.  It  was  experiment  ally- 
determined  that  soluble  molybdenum  chlorides 
were  not  responsible  for  the  transference  of 
Mo  to  Cr. 

When  Mo  was  mounted  with  iron  and 
polarized  at  250  mV,  Mo  was  seen  to 
passivate  apparently  as  a  result  of  ferrous 
molybdate  precipitation.  It  would  appear 
that  the  precipitated  layer  of  FeM  .4, 
created  a  barrier  between  the  underlyin’ 
Moit+  species  and  water  which  stifled  the 
transpassive  reactions.  In  similar  way,  Mo 
in  a  stainless  steel  is  prevented  from 
forming  transpassive  products  at  250  mV, 
because  of  the  formation  of  an  Fe  rich  film 
which  prevents  water  from  reacting  further 
with  the  Mo  species.  The  resulting  formation 
anu  stablization  of  a  molybdate  species  in 
the  outer  regions  of  the  passive  film  formed 
on  stainless  steel  is  then  able  influence 
ion  transfer  through  the  passive  film  by  way 
of  its  cation  selective  characteristics. 

In  summary,  when  Mo  is  polarized  in  0.1 
M  HC1  at  -180  mVit  will  react  with  wat^r 
through  a  three  step  reaction  to  form  MoQ^**- 
which  subsequently  dissolves  into  the 
solution.  In  the  presence  of  Fe,  Cr  or  Ni 
metal  cations  ,  an  insoluble  molybdate 
precipitate  will  be  formed.  This  molybdate 
precipitate  layer  may  hinder  the 
transpassive  reaction  of  molybdenum  by 
preventing  water  from  reacting  further  with 
the  underlying  M  o  ** +  species  to  generate 
transpassive  products. 

In  an  acidic  solution  containing 
chloride,  molybdenum  may  dissolve  as 
molybdate  and  transfer  through  the  solution 
to  the  adjacent  chromium  surface,  where  it 
is  adsorbed  at  the  chromium  surface.  Soluble 
molybdenum  chlorides,  M0CI5  and  MoCl^  ,  are 
not  responsible  for  the  transference  of 
molybdenum  through  the  solution. 
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ABSTRACT 

XPS  and  elect  roc hem ical  analysis  have 
been  used  to  determine  the  nature  of  the 
influence  of  N  addition  to  AL6X  stainless 
steel  as  the  solution  temperature  is 
iaised.  In  our  studies  on  the  pitting 
behavior  of  AL6X  (0.042  wt%  N)  and  AL6X N 
(0.19  wt%  N)  in  deaerated  2M  NaCl  +  0.1M 
HC1  between  22°  and  45°C,  it  was  observed 
that  the  higher  N  steel  exhibited  higher 
breakdown  potentials  than  the  low  N  steel 
as  the  temperature  was  raised.  XPS 
analysis  of  the  passive  films  formed  after 
10s  at  OmV,  at  22°  and  45°C  was  performed 
and  from  this  data  it  can  be  seen  that  some 
compositional  differences  occurred.  At 
22  °C ,  the  high  N  alloy  produces  a  passive 
film  with  approximately  50%  more  Cr  and  Mo 
compared  to  the  low  N  alloy.  At  45  C,  the 
higher  N  steel  generated  a  passive  film 
which  had  approximatley  12%  more  Cr  and  25% 
more  Mo.  The  underlying  substrate 
composition  showed  little  variation  in  Cr 
and  Mo  with  increase  in  N  content  and 
temperature  of  the  electrolyte.  However, 
in  each  case  it  is  apparent  that  Cr  and  Mo 
is  enriched  by  approximatley  50%  relative 
to  Ni  and  Fe,  compared  to  the  bulk 
composition.  Ni  was  generally  found  to  be 
depleted  in  the  substrate  by  at  least  50%. 
It  was  also  apparent  that  0.042  wt%  N  is 
not  an  insignificant  alloy  addition,  since 
it  is  clearly  anodically  segregated  and  is 
present  as  a  nitride,  and  as  N  and  NH^ 
in  the  passive  films  at  22  and  45  C. 


Acknowledgements 

This  work  was  supported  by  a  grant 
( N  0001 485K04  37)  from  the  U.S.O.N.R.  (Dr. 
A.  J.  Sedriks,  Contract  Officer). 

We  gratefully  acknowledge  receiving 
alloy  specimens  from  Dr.  J.  Kearns  of 
Allegheny  Ludlum  Steel  Corporation. 


210 


Abstract  No.  147 


Mineralogical  Issues  in  Long-Term 
Corrosion  of  Iron  and  Iron-Nickei  Alloys 

A.C.  Van  Orden 
National  Bureau  of  Standards 
Gaithersburg,  MD  20899 

and 

M.  B.  McNeil 

Naval  Coastal  Systems  Center 
Panama  City,  FL  32407 


Demonstration  that  a  metallic  container  will 
remain  intact  over  a  period  of  300-1000  years,  as 
required  by  the  NRC  regulation  10  CFR  60,  requires 
that  schemes  be  developed  for  convincingly 
extrapolating  short  term  test  results  over  very  long 
periods  of  time  for  any  alloys  being  considered  for 
high  level  nuclear  waste  overpacks.  Validation  of 
extrapolation  schemes  for  geological  phenomena  for 
such  time  periods  is  often  done  through  the  study  of 
existing  "natural  analogues;"  i.e.,  systems  which  have 
reacted  under  fairly  well  known  conditions  for 
appropriately  long  times,  and  it  appears  necessary  to 
extend  this  technology  to  corrosion  extrapolation. 

Prediction  of  very  long  term  corrosion  behavior  of 
buried  objects  in  general  requires  taking  into  account 
that  the  corrosion  processes  themselves  alter  the  local 
conditions.  Recent  work  by  Sharland  and  the  other 
members  of  the  Harwell  group  (1)  has  analyzed 
corrosion  processes  in  terms  of  trajectories  on 
Pourbaix  diagrams  and  appears  to  offer  the  prospect 
for  using  short-term  corrosion  tests  to  project 
corrosion  behavior  over  very  long  periods. 

A  corrosion  analysis  or  model  can  be  validated  only 
by  comparison  of  its  predictions  to  experimental 
observations,  (in  the  case  of  300  to  1000  year 
corrosion,  naturaJ  or  archaeological  analogues),  and 
the  purpose  of  this  paper  is  to  present  the  present 
state  of  knowledge  in  two  areas  where  there  are  data 
on  natural/archaeological  analogues  which  appear 
relevant  to  high  level  nuclear  waste  containers  and  to 
comment  on  the  use  of  this  technique  as  a  check  on 
Shariand-type  analyses. 

Two  different  classes  of  materials  are  considered 
here:  essentially  pure  iron,  which  is  an  analogue  to 
the  carbon  steel  design  over  packs  for  the  salt  and 
basalt  sites  (on  which  work  has  been  suspended  at 
present),  and  iron-nickel  alloys,  which  are  the  best 
analogues  available  for  some  of  the  alloys  being 
considered  on  the  tuff  site.  There  are  a  number  of 
sources  of  data  on  corrosion  of  iron  over 
archaeological  times;  the  data  used  in  this  paper  (2) 
are  from  the  recent  National  Bureau  of  Standards 
work  on  Roman  iron  nails  lor  Inchtuthill  in  Scotland, 
which  can  be  dated  fairly  precisely  to  about  70  A.D. 
and  whose  method  of  production  is  understood.  The 
only  available  source  of  natural-analogue  data  on  Fe- 
Ni  alloys  is  the  corrosion  of  meteorites.  The  data 
used  in  this  paper  are  those  collected  by  Buchwald  and 
Clarke  on  antarctic  meteorites  (3). 

The  corrosion  rates  of  both  the  nails  and  the 
meteorites  show  great  variability  (due  to  local 
variability  of  environment)  and  so  are  not  considered 
specifically.  What  is  examined  is  the  question  of  the 
mineralogy  of  the  corrosion  products,  since  the  use  of 
Pourbaix  diagrams  makes  it  possible  to  make  fairly 
clear  statements  about  what  phases  ought  or  ought 
not  be  present. 


The  observations  on  the  nails  indicate  the  presence 
of  wtistite,  which  has  also  been  observed  in  the  buried 
portion  of  the  iron  pillar  of  Delhi(4). 

The  observations  on  the  meteorites  contain  two 
interesting  points.  First,  the  corrosion  products 
contain  a  very  large  amount  of  akageneite,  a  very 
rare  mineral  corresponding  to  ^  -FeOOH,  and  the 
corrosion  products  are  enriched  in  Cl"  over  normal 
antarctic  ice  by  a  factor  of  about  100.  These 
observations  are  discussed  and  their  implications  for 
nuclear  waste  conjectured. 

It  is  shown  how  the  presence  of  wustite  can  be 
rationalized  in  terms  of  its  metastability  and  how, 
although  the  presence  of  akageneite  is  much  less  well 
understood  because  of  lack  of  thermodynamic  data 
and  the  fact  that  tlie  mechanisms  of  the  reactions 
which  produce  and  consume  it  are  conjectural,  the 
observations  on  meteorites  can  be  rationalized  on  the 
basis  of  reasonable  assumptions  concerning  the 
thermochemistry  of  the  Fel^/H^  system  and  the 
mechanisms  of  various  alteration  reactions.  The 
implications  of  the  work  for  the  projection  of  long¬ 
term  behavior  of  nuclear  waste  containers  is  discussed 
in  terms  of  trajectories  on  Pourbaix  diagrams 
modified  by  the  inclusion  of  metastable  phases. 
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Three  austenitic  alloys,  304L,  316L  and  825, 
are  being  considered  as  candidate  materials 
for  fabrication  of  high-level  radioactive 
waste  containers .  Waste  will  include  fuel 
assemblies  from  reactors,  as  well  as 
borosilicate  glass  forms,  and  will  be  sent 
to  the  Yucca  Mountain  site  in  Nevada  for 
disposal.  The  containers  must  maintain 
mechanical  integrity  for  50  years  and 
substantially  complete  containment  for 
300-1000  years.  Radioactive  decay  of  the 
radionucleides  will  result  in  substantial 
heat  generation  and  fluences  of  gamma 
radiation.  Materials  may  undergo  any  of 
several  modes  of  degradation  in  this 
environment,  including  atmospheric 
oxidation,  uniform  aqueous  phase  corrosion, 
pitting,  crevice  corrosion,  sensitization 
and  intergranular  stress  corrosion  cracking 
( IGSCC) ,  and  transgranular  stress  corrosion 
cracking  (TGSCC) .  This  paper  is  an  analysis 
of  relevent  pitting,  crevice  corrosion,  and 
stress  corrosion  cracking  (SCO)  data. 

RESULTS  OF  SURVEY 

For  example,  Asphahani  has  found  that  all 
austenitic  candidates  undergo  pitting  and 
crevice  corrosion  in  chloride  containing 
environments  (1).  However,  825  has  the 
greatest  resistance  to  these  forms  of 
localized  attack  (2,3).  Hodgkiess  and 
Rigass  have  measured  the  corrosion  anu 
pitting  potentials  in  aerated  sea  water  and 
have  found  that  the  resistance  to  pitting  of 
825  is  greater  than  that  of  316L  (2). 

Resistance  to  pitting  is  quantified  as  the 
difference  between  the  pitting  and  corrosion 
potentials,  Ec-Ecorr  (Fig.  1)  .  Scarberry  et 
al.  has  found  that  825  is  more  resistant  to 
pitting  than  either  300  series  stainless 
steels  such  as  304  and  316  (3).  Asphahani  et 
al.  also  found  that  both  304L  and  316L  are 
susceptible  to  SCC  in  acidic  chloride  media. 
In  contrast,  they  found  that  825  does  not 
undergo  SCC  under  comparable  conditions  (1). 
Furthermore,  gamma  irradiation  has  been 
found  to  enhance  SCC  of  304  and  3Q4L 
stainless  steels,  but  has  no  detectable 
effect  on  the  resistance  of  825  to  SCC  (4). 
The  effect  of  gamma  irradiation  of 
sensitized  304  is  illustrated  in  Figure  2. 
Microbial  induced  corrosion  effects  have 
been  observed  for  300  series  stainless 
steels.  Fortunately,  nickel-based  alloys 
such  as  825  seem  to  be  immune  to  such 
problems.  This  analysis  indicates  that  the 
candidates  should  be  ranked  according  to 
their  resistances  to  localized  corrosion  ?nd 
SCC  as  follows:  825  (best)  >  316L  >  304L 
(worst) . 


REFERENCES 

1.  Asphahani,  Matls.  Perform. 

12  (Nov.  1980)  9. 

2.  Hodgkiess,  Rigas,  Desalination 
44  (1988)  283. 

3.  Scarberry  et  al.,  Corrosion/79, 
Paper  245. 

4 .  Furuya  et  el . ,  R-D  Kobe  Seikosho 
Gijutsu  Hokoku  33  (Jan.  1985)  43. 


Fig.  1.  Comparison  of  the  resistances  to 
pitting  of  316L  and  825. 
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Fig.  2.  Effect  of  gamma  irradiation  on  SCC 
of  sensitized  304  stainless  steel. 
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Type  316L  stainless  steel  (SS)  Is  among  several 
alloys  which  are  being  extensively  characterized  as 
possible  containment  materials  for  high-level  nuclear 
waste.  The  current  reference  design  for  the  container 
is  a  seamless  cylinder  to  which  a  lid  is  welded 
forming  a  permanent  seal.  Because  post  weld  hea 
treatment  is  Impractical  in  this  situation,  the  heat 
affected  zone  (HAZ)  may  be  susceptible  t>: 
intergranular  corrosion  and  possibly  intergranular 
stress  cracking  in  the  event  of  intrusion  by  an 
oxidizing  medium. 

The  combination  of  the  weld  thermal  cycle  an 
prolonged  exposure  (more  than  100  years)  in  the  200  C 
temperature  regime  renders  the  HA2  potential!;, 
susceptible  to  Low  Temperature  Sensitization  (LTS). 
Figure  1  shows  a  schematic  representation  of  the  2- 
step  thermal  treatment  which  produces  LTS;  tie 

nucleation  stage,  ahead  of  the  nose  typical 

time-temperature-sensitlzation  (TTS)  curve  (560  - 
800  C),  followed  by  the  long-term  isothermal  hold 
below  this  temperature  range.  Stable  M  c  g  carbides 
have  been  shown  to  grow  as  a  result  of  this  combine 
heat  treatment  11,21.  The  classical  TTS  curves  are 
often  reported  based  on  electrochemical  tests  or 
thermodynamic  models.  In  both  cases,  the  material  is 
considered  to  be  "sensitized"  when  the  grain  boundary 
carbide  has  grown  to  the  extent  of  substantial  r 
depletion  in  the  adjacent  area  (<0.13  mole  fraction 
Cr).  At  this  point,  the  carbides  are  usually  visible 
using  conventional  electron  microscopy  techniques  and 
the  material  is  susceptible  to  intergranular  corrosion 
in  typical  laboratory  screening  tests  13]. 

In  contrast,  LTS  arises  from  a  seemingly 
innocuous  situation.  The  short,  high  temperature 
excursion  provides  ample  time  for  stable  nucleation  in 
alloys  of  relatively  high  carbon  content.  The  present 
investigation  involves  the  study  of  the  effect  of 
systematic  variations  of  carbon  and  nitrogen  on  the 
LTS  behavior  of  AISI  316  SS.  A  thermodynamic  model 
has  been  developed  to  determine  the  time-to- 
sensitizatlon  in  4  alloys  at  temperatures  similar  to 
those  expected  in  the  repository  (4).  Two 

electrochemical  tests  are  used  to  corroborate  the 
model  predictions;  the  electrochemical  potentlokinetlc 
reactivation  (EPR)  test  [51  and  the  boiling  ferric 
sulphate  (ASTM  A-262-B)  weight  loss  test. 

The  thermodynamic  model  is  based  on  previous 
theoretical  models  for  304  SS  in  the  500  -850  i  range 
16-11).  The  time  to  sensitization  is  calculated  using 
the  Stawtrom  and  Hillert  equation  [61: 

t  =  m2  -H  /  4D  <0.13  -  X,  S  (1) 

Cr  Cr  Cr 

where  m  is  the  distance  perpendicular  to  the  austenite 
grain  boundary  where  the  mole  fraction  of  Cr  falls 


below  0.13.  The  derivation  of  each  component  of 
equation  (l)  as  well  as  the  extension  of  the  model  to 
the  low  temperature  regime  have  been  published 
elsewhere  [4).  The  assumptions  of  the  model  are  based 
on  growth  of  a  stable  carbide  which  nucleated  in  the 
normal  sensitization  temperature  range.  The  growth 
stage  of  carbides  at  low  temperatures  is  modeled  by 
the  appropriate  select  ion  of  the  apparent  diffuslvlty 
of  Cr  in  the  matrix  and  along  high  diffus'.Jty  paths 
112.131. 

The  value  of  m  in  equation  (1)  is  typically  20  nm. 
The  nose  of  the  TTS  curve  moves  to  the  left  as  the 
value  of  m  decreases,  as  shown  in  Figure  2.  Figure  3 
shows  TTS  curves  generated  for  the  4  experimental 
alloys  of  compositions  shown  in  Table  1.  The  cooling 
curve  to  the  left  of  the  TTS  curves  represents  the 
nucleation  thermal  cycle  used  to  simulate  the  weld 
(HAZ)  0.6  cm  from  the  fusion  line.  While  the  model 
sucessfully  predicts  that  decreasing  the  HC  or 
increasing  the  %N  retards  sensitization.  it  is 
important  to  recognize  that  the  TTS  curves  derived 
from  the  model  represent  isothermal  heat  treatments. 

If  stable  carbides  are  able  to  nucleate  In  the  short 
term  exposure  of  a  weld  thermal  cycle,  it  is  apparent 
that  the  model  must  be  adjusted  to  account  for  very 
small  m  values. 

In  this  study,  specimens  have  been  exposed  to  a 

HAZ  simulation  using  the  Gleeble.  A  peak  temperature 

of  900  C  was  maintained  for  5  seconds,  followed  by  a 

cooling  rate  of  7  8/s  to  690  8,  5  £, 'second  from  690  0 

o 

to  490  C,  and  fLnall}  free  cooling  to  room 
tempeiature.  After  the  nucleation  stage,  specimens 
were  heat  treated  at  either  300  °,  350  ?  or  400  8  for 
50.  500,  1,000,  and  2.000  hours.  The  popular  "LTS" 
heat  treatment  of  24  hours  at  500°C  was  also  used. 

Carbide  growth  was  detected  by  the  2 
electrochemical  tests  mentioned  above.  The  results  of 
these  tests,  in  relation  to  the  model  predictions  will 
be  discussed. 
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Schematic  representation  of  LTS 
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Nuclear  Waste  Package  Container  Corrosion 
in  Simulated  Salt  Repository  Environments 
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This  paper  presents  an  overview  of  the  program 
conducted  by  the  00E  Salt  Repository  Project  to 
develop  a  waste  package  for  long-term  containment  of 
high  level  commercial  and  defense  nuclear  wastes  in  a 
geological  bedded-salt  deposit  in  Deaf  Smith  County, 
Texas.  Although  this  location  has  recently  been 
dropped  from  further  consideration  as  a  possible  site 
for  the  first  national  repository,  a  discussion  of  the 
work  on  corrosion  in  hot  brine  environments  should  be 
of  general  interest. 

A  brief  review  of  the  geochemistry  of  the  environment, 
inuludiiig  the  st'uti g-aphy  and  composition  .~,f  the 
rock/salt  strata,  will  be  described  because  of  their 
importance  to  corrosion  processes.  The  initial  waste 
package  conceptual  design  incorporated  low-carbon 
steel  (ASTM  A216,  Grade  WCA),  which  served  as  the 
reference  material  for  corrosion  studies.  Computer- 
derived  temperature  profiles  for  the  steel  container 
surface/salt  interface  were  employed  to  reflect  the 
decay  of  waste  package  radiation  levels  with  time.  A 
scenario  of  expected  corrosion  behavior  was  developed 
to  facilitate  planning  of  corrosion  experiments  and  to 
qualitatively  anticipate  effects  of  temperature,  rad¬ 
iation,  pressure  (due  to  salt  creep),  and  geochemical 
conditions  on  the  container  surface/environment 
interactions. 

The  basic  requirement  that  must  be  met  by  the  waste 
package  container  has  been  established  by  the  U.S. 
Nuclear  Regulatory  Commission:  radionuclides  of  the 
nuclear  waste  must  be  contained  within  the  waste 
packages  for  300  to  1000  years  after  closure  of  the 
repository.  Low  carbon  steel  was  selected  early  in 
the  program  because  of  its  good  mechanical  properties, 
ease  of  fabrication  (including  weldability),  low  cost, 
and  anticipated  low  susceptibility  to  localized 
corrosion  in  brine  environments.  When  employed  as  a 
thick-walled  container,  steel  would  also  provide  some 
shielding  of  the  radiation  emanating  from  the  waste 
form.  Specific  dimensions  of  the  reference  container 
designs  varied  with  the  different  types  of  nuclear 
waste  form  (defense  waste  versus  assemblies  of 
commercial  spent  fuel  from  pressurized-water  or 
boiling-water  reactors).  The  largest  container, 
designed  to  contain  boiling-water  reactor  fuel 
assemblies,  measured  15.8  feet  in  length  by  33.3  inch 


outer  diameter,  and  a  cylinder  wall  thickness  of  3.9 
inches.  The  wall  thickness  required  to  resist  litho- 
static  pressure  is  3  inches,  leaving  an  allowance  for 
corrosion  losses  of  0.9  inch.  A  total  of  about  36,000 
packages  is  estimated  to  be  ultimately  needed  for  the 
first  repository  using  these  waste  packages  designs. 

Degradation  modes  that  are  believed  possible  for  low 
carbon  steel  in  the  rock  salt  environment  are: 
uniform  (general)  corrosion,  pitting,  crevice 
corrosion,  stress  corrosion  cracking,  microbial 
corrosion,  hydrogen-related  failures,  galvanic/ 
thermogal vani c  corrosion,  i ntergranular  corrosion, 
aging  reactions  and  mechanical  failures. 

An  extensive  materials  testing  program  undertaken  at 
the  Battelle  Pacific  Northwest  Laboratories  for  the 
Salt  Repository  Project  included  immersion  testing  in 
the  presence  and  absence  of  appropriate  radiation 
levels,  testing  in  solid  salt/liquid  brine  mixtures, 
several  types  of  stress  corrosion  cracking  tests, 
localized  (pitting,  crevice)  corrosion  tests,  hydro¬ 
gen-effects  studies,  and  electrochemical  investiga¬ 
tions.  During  the  course  of  this  testing  program, 
geochemical  work  conducted  by  the  Salt  Repository 
Office  established  the  existence  of  high  Mg-content 
water  inclusions  in  the  rock,  and  it  was  also  demon¬ 
strated  that  transport  of  this  water  to  the  hot 
container  surface  can  occur  due  to  thermal  migration 
effects.  These  findings  were  of  considerable 
importance  because  steel  corrosion  rates  are  greatly 
accelerated  when  high  concentrations  of  Mg  ions  are 
present  in  the  brine. 

A  workshop  review  of  all  available  corrosion  data 
from  the  program  was  conducted  by  an  independent  p*"el 
of  corrosion  experts  in  September,  1986,  [Reference 
1].  This  workshop  produced  several  conclusions  and 
recommendations  for  testing  and  design.  The  main 
findings  of  the  panel  were  the  following:  (1)  because 
of  the  very  high  (general)  corrosion  rates  measured 
for  low-carbon  steel  in  high  Mg  brine,  further  testing 
would  be  required  before  steel  could  be  ''ecommended  as 
the  container  material,  (2)  testing  of  alternatives 
materials,  including  wrought  Ni-Cr-Mo  alloys  (C-276, 
C-22,  and  625),  as  well  as  Cu-30  Ni  alloy,  should  be 
initiated,  and  (3)  new  testing  techniques  and  waste 
package  designs  described  in  the  panel's  report  should 
be  considered.  A  discussion  of  these  findings  and  the 
extent  of  their  implementation  in  the  Salt  Repository 
Program  will  be  presented. 


Reference  1:  Container  Materials  for  Isolation  of 
Radioactive  Waste  in  Salt.  Proceedings  of  a  Workshop, 
held  in  Columbus,  Ohio,  September  25-26,  1986. 
ANl/EES-TM-339. 


Abstract  No.  151 


PHASE  STABILITY  EFFECTS  ON  THE  CORROSION 
BEHAVIOR  OF  THE  METAL  BARRIER  CANDIDATE 
MATERIALS  FOR  THE  NUCLEAR  WASTE  MANAGEMENT 
PROGRAM 

G.  E.  Gdowski1,  D.  B.  Bullen'.R.  D.  McCright2,  and  W.  G. 
Halsey2. 

1  Science  &  Engineering  Associates,  Inc.,  5820  Stoneridge  Mall 
Rd.,  Suite  100,  Pleasanton,  CA  94566. 

2University  of  California,  Lawrence  Livermore  National 
Laboratory,  P.  O.  Box  808  L-369,  Livermore,  CA  94550. 


Six  candidate  materials  are  currently  under  consideration  by 
the  Nuclear  Waste  Management  Program  (NWMP)  at  Lawrence 
Livermore  National  Laboratory  as  potential  metal  barrier  materials 
for  high-level  nuclear  waste  storage.  The  waste  package,  which 
must  meet  the  Nuclear  Regulatory  Commission  licensing 
requirements  for  the  Nevada  Nuclear  Waste  Storage  Investigations 
Project  (NNWSI),  will  contain  spent  fuel  from  civilian  nuclear 
power  plants  (PWR  and  BWR  fuel  assemblies),  commercial  high 
level  waste  (CHLW)  in  t^e  form  of  borosilicate  glass  containing 
commercial  spent  fuel  reprocessing  wastes  and  defense  high  level 
waste  (DHLW)  contained  in  borosilicate  glass.  The  waste  package 
is  being  designed  for  emplacement  in  the  unsaturated  zone  above  the 
water  table  at  the  Yucca  Mountain  site  in  Nevada.  This  location 
should  result  in  a  slightly  oxidizing  repository  environment . 

The  Metal  Barrier  Selection  and  Testing  Task  is  responsible 
for  the  selection  of  the  materials  to  be  employed  in  the  waste 
package  container.  The  candidate  materials  include  three  iron  to 
nickel-based  austenitic  materials  and  three  copper-based  alloy 
materials.  The  austenitic  materials  are  AISI  304L  stainless  steel, 
AISI  316L  stainless  steel  and  alloy  825.  The  copper-based  alloy 
materials  are  CD  A  102  (OFHC  copper),  CDA  613  (Cu-7A1)  and 
CD/  715  (Cu-30Ni).  The  selection  of  the  final  metal  barrier 
material  is  dependent  upon  the  expected  behavior  of  these  materials 
in  the  repository  environment. 

The  design  criteria  for  the  metal  barrier  require  that  the  waste 
container  maintains  mechanical  integrity  for  a  period  of 
approximately  50  years  after  emplacement  to  permit  retrieval  of  the 
nuclear  waste  (if  desired)  during  the  preclosure  phase  of  repository 
operation.  The  engineered  barrier  system  is  required  to  provide 
substantially  complete  containment  of  the  waste  for  a  period  of  up  to 
1000  years.  The  metal  barrier  is  pan  of  the  engineered  barrier 
system.  During  the  containment  period,  the  metal  barrier  will  be 
exposed  to  a  varying  environment.  A  few  years  after  emplacement 
the  surface  of  a  representative  spent  fuel  waste  package  container 
will  reach  a  maximum  temperature  of  about  250°C  due  to  decay  heat 
from  the  high-level  waste.  This  temperature  will  drop  to  about 
150°C  within  approximately  100  years  following  emplacement. 
This  time  period  will  also  include  the  highest  gamma  radiation  field 
from  the  decay  of  the  high-level  waste.  The  expected  temperatures 
and  gamma  radiation  fields  around  CHLW  and  DHLW  packages  are 
less  than  for  spent  fuel  waste  packages. 

The  phase  stability  of  the  metal  barrier  material  during  the 
containment  period  will  impact  the  mechanical  and  corrosion 
properties  of  the  container.  Changes  in  the  micros  true ture  can  result 
in  considerable  reduction  in  the  fracture  strength  of  the  container 
material.  Precipitate  formation,  such  as  carbides  at  grain  boundaries 
in  the  austenitic  materials  or  intermetal  lies  in  the  copper-based 
alloys,  can  modify  the  local  alloy  composition  resulting  in 
conditions  favorable  to  intergranular  corrosion  and  stress  corrosion 
cracking. 

SUMMARY  OF  RESULTS 

An  analysis  of  the  data  in  the  technical  literature  with  respect 
to  phase  stability  of  the  austenitic  materials  noted  significant  data 
dealing  with  phase  stability  in  the  stainless  steel  alloys.  The  304L 
and  316L,  which  are  located  near  the  a+ y,  a-fy+c,  and  phase 
fields  of  the  Fe-Ni-Cr  ternary  phase  diagram  in  Figure  ID!,  were 
identified  as  metastable  materials  at  repository  relevant  conditions. 
Metastability  was  defined  as  nonequilibrium  phase  formation  due  to 
kinetic  limitations  [2,3  J.  In  the  304L  and  316L  stainless  steels,  the 
diffusion  processes  that  permit  precipitation  are  severely  limited  at 
low  temperatures  (T  <  600®C)  [4|. 


Carbide  precipitation  was  identified  in  all  of  the  austenitic 
candidate  alloys.  The  precipitation  of  M23C6  carbides  was 
predominant  in  the  304L  alloy.  Similar  precipitation  behavior  was 
noted  for  316L  with  somewhat  shorter  time  periods  for  the  onset  of 
grain  boundary  M23C5  precipitation.  Intermetallic  phase  formation 
was  noted  in  316L  at  relatively  long  times.  These  intermetallic 
phases  include  sigma,  chi  and  Laves  phases  [5].  Sigma  phase 
formation  was  shown  to  significantly  reduce  the  impact  strength  of 
austenitic  alloys  due  to  its  hard  brittle  microstructure.  No 
intermetallic  phase  formation  was  documented  in  alloy  825 

Very  little  phase  stability  data  was  identified  for  alloy  825. 
The  limited  data  that  was  found  dealt  primarily  with  M23Q  carbide 
precipitation.  The  M23Q  carbides  that  precipitated  in  the  825  alloy 
had  varying  composition  16].  The  chromium  and  titanium  contents 
of  these  precipitates  were  a  function  of  precipitation  time  and 
temperature.  Increased  Ti  content  in  these  precipitates  limited  the 
depletion  of  Cr  near  the  precipitate  and  preserved  the  corrosion 
resistance  of  the  alloy.  Speculation  about  the  possibility  of 
"submicroscopic"  sigma  phase  precipitation  in  alloy  825  was  noted 
[7).  However,  no  data  was  identified  to  substantiate  this  claim. 

Considering  the  effect  of  phase  stability  only,  the  following 
ranking  of  the  austenitic  candidate  materials  is  proposed:  Alloy  825 
(best)  >  316L  >  304L  (worst).  This  order  is  based  on  the  fact  that 
alloy  825  is  a  stable  austenite  at  all  temperatures.  The  only 
documented  precipitation  noted  for  alloy  825  was  the  formation  of 
M23C6  carbides.  These  carbides,  which  had  varying  Cr  content,  did 
not  appear  to  significantly  affect  to  corrosion  resistance  of  the  alloy. 

The  316L  stainless  steel  is  susceptible  intermetallic  phase 
formation  including  the  formation  of  the  sigma  phase.  Sigma  phase 
formation  can  result  in  significant  degradation  in  the  mechanical 
properties  of  the  alloy.  The  316L  alloy  was  also  affected  by  M23C6 
carbide  precipitation  which  could  deplete  Cr  near  the  precipitates  and 
promote  grain  boundary  attack. 

The  304L  stainless  steel  also  exhibited  significant  M23C6 
carbide  precipitation  which  could  result  in  grain  boundary  attack. 
This  alloy  is  also  more  prone  to  martensite  formation  than  3I6L 
stainless  steel. 

An  analysis  of  the  data  in  the  literature  with  respect  to  the 
phase  stability  of  the  copper-base  candidate  materials  (CDA  102, 
CDA  613,  and  CDA  715)  notes  that  all  the  candidate  materials  are 
single-phase  to  at  least  300°C.  There  is  a  proposed  two  phase 
region  for  CDA  715  at  temperatures  less  than  200°C  as  shown  in 
Figure  2  {8),  but  constituent  diffusion  rates  [9]  are  so  slow  at  the 
expected  repository  temperatures  that  a  phase  transformation  does 
not  appear  likely. 

Iron  migration  in  both  CDA  613  and  CDA  715  may  be  a 
potential  source  of  mechanical  degradation  of  these  materials.  The 
mechanical  properties  rely  on  small  iron  panicles  being  uniformly 
dispersed  throughout  the  bulk  1 10].  Calculations  indicate  that  the 
iron  diffusion  length  should  be  small  under  the  expected  repository 
conditions  (11-14],  but  it  is  not  known  what  the  potential 
degradation  of  the  mechanical  properties  would  be  even  for 
relatively  small  perturbation  of  the  iron  particle  distribution. 

Considering  only  the  phase  stability  of  the  three  copper- 
based  alloys,  the  following  ranking  is  proposed:  CDA  102  (best)  > 
CDA  613  =  CDA  715.  CDA  102  is  ranked  first  because  it  is 
essentially  pure  copper  and  is  single  phase.  CDA  613  and 
CDA  715  are  also  known  to  be  single  phase  at  high  temperature, 
but  they  are  ranked  lower  than  CDA  102  for  two  reasons.  I )  There 
may  be  an  unknown  phase  transition  that  occurs  at  the  expected 
repository  temperatures  after  extended  time  periods.  2)  Iron 
migration  may  occur  in  the  bulk  and  cause  mechanical  degradation. 
Preliminary  calculations  indicate  that  these  effects  may  not  be 
critical,  but  more  extensive  modeling  is  suggested. 

Analysis  of  the  data  available  in  the  literature  with  respect  to 
phase  stability  of  the  candidate  materials  at  repository  relevant 
conditions  has  identified  alloy  825  as  the  superior  austenitic  alloy 
and  CDA  102  as  the  superior  copper-based  alloy.  Both  alloys  are 
single  phase  materials  over  the  entire  temperature  range  from  solidus 
to  room  temperature.  Other  factors  besides  phase  stability  will  also 
influence  which  material  is  eventually  selected  for  fabricating  nuclear 
waste  containers. 
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Figure  2.  Equilibrium  phase  diagram  for  the  Cu-Ni  system  [8]. 

The  miscibility  gap  is  proposed  |9]  but  has  not  been 
experimentally  observed. 


Figure  1 .  Iron-Chromium-Nickel  equilibrium  phase  diagram  at 
050WC  t  i  |.  Not  the  location  fo  the  alloys  304L,  316L 
and  825. 
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Abstract  No.  152 


A  Database  for  Reviews  and  Evaluations 
of  High-Level  Waste  Documents 

C.  G.  Interrante,  C.  Messina,  and  S.  A.  Harrison 
National  Bureau  of  Standards,  Gaithersburg,  MD  20899 
An  automated  storage  and  retrieval  system  that  uses  a 
commercially  available  database  management  system 
(DBMS)  has  been  developed  to  serve  as  a  data  index 
for  high- level  waste  (HLW)  reports  and  as  a  database 
containing  NBS  evaluations  of  HLW  reports.  The 
evaluations  are  critical  reviews  of  reports, 
generated  mainly  by  the  Department  of  Energy  (DOE), 
on  topics  related  to  processes  involved  in  the 
degradation  of  the  engineered  barrier  system  designed 
to  contain  and  control  the  release  of  radionuclides 
contained  in  waste  packages  to  be  placed  in  a 
repository  for  HLW.  The  intention  is  to  use  this 
system  within  the  framework  of  the  capabilities  of  a 
personal  computer.  The  data  can  be  accessed  with  a 
DBMS  that  operates  on  no  more  than  51 2K  of  memory. 

All  aspects  of  the  PC  system  are  fully  functional  in 
respect  to  the  usage  of  scientific  notations,  Creek 
letters  and  super-  and  sub-scripts.  Thus,  on-screen 
displays,  print  outs  and  search  strings  may  contain 
chemical  formulas  or  proper  scientific  names.  The 
following  example,  taken  from  an  NBS  review  (1)  of  a 
paper  by  McCright,  R.  D. ,  1983  [2]  is  used  to 
illustrate  these  aspects  of  the  system. 

"The  authors,  rightly,  emphasize  the  fact  that  the 
major  source  of  uncertainty  in  the  corrosion  behavior 
of  Cu-base  alloys  fn  the  Nevada  repository  is  the 
lack  of  information  concerning  the  effect  of  ir¬ 
radiation.  Some  of  the  experimental  results  indicate 
that  one  of  the  major  consequences  of  radiation  is 
H202  production,  so  that  the  addition  of  H202  mimics 
reasonably  well  the  radiation  effects.- 

Many  DBMSs  limit  the  sizes  of  both  the  records  and 
fields  used  in  the  database.  Each  review  of  a 
document  is  one  record  in  this  database.  Each  sub¬ 
category  within  the  review  is  a  field.  The 

capabilities  of  a  number  of  DBMSs  were  examined 
during  the  period  in  which  the  requirements  of  a 
computer  assisted  database  for  reviews  and 
evaluations  on  HLW  data  were  being  analyzed  f3).  At 
present,  the  system  contains  almost  100  reviews  of  13 
fields  per  review  while  the  largest  review  has  over 
21,000  ASCII  characters,  others  may  be  only  a  fifth 
or  a  tenth  of  this  size.  All  of  these  reviews  can  be 
searched  in  the  full  text  mode.  This  requirement  for 
search  of  large  text  fields  was  only  one  of  sixteen 
requirements  taken  into  consideration  in  the 
selection  of  a  suitable  DBMS  for  this  application. 
The  number  of  reviews  that  can  be  contained  In  this 
system  is  limited  by  the  size  of  the  mass  storage 
units  used  with  the  PC.  The  theoretical  limit  to  the 
number  of  reviews  is  64,000  in  one  file,  but  multiple 
fiLes  can  be  used  if  needed. 

The  principal  barriers  proposed  for  use  in  the  waste 
package  are  metal  alloys  and  borosilicate  glass.  The 
technical  problems  of  primary  interest  in  the  waste 
package  involve  leaching  of  the  glass,  corrosion  of 
the  alloys,  transport  processes  within  the  waste 
package,  and  modelling  efforts  aimed  at  permitting 
prediction  of  long-term  behaviors.  The  reviews  focus 
attention  on  the  availabiLity  of  data  that  are 
applicable  to  the  resolution  of  technical  issues,  that 
must  be  considered  in  the  process  of  obtaining  a 
license  to  build  a  repository. 


The  automated  system  is  designed  to  store  and  quickly 
retrieve  pertinent  reports  on  relevant  topics  using  a 
set  of  keywords  that  are  structured  into  the  four 
major  categories  of  thf  technical  reviews:  Technical 
Description  of  the  Report,  Environmental  Factors  of 
the  Test,  Materials  Tested  (metallic,  non-metal 1 ic , 
radioactive,  environmental),  and  Properties  and 
Failure  Modes  Studies.  The  major  categories  are 
divided  into  25  sub-categories  that  facilitate  the 
storage  and  retrieval  processes,  which  presently 
involve  the  use  of  about  300  keywords. 

In  addition  to  the  normal  searches  of  bibliographic 
information,  the  search  capability  is  extended  to  any 
other  aspect  or  all  other  aspects  of  the  technical 
review,  such  as  the  "uncertainties  in  the  data"  or 
the  "general  comments  of  the  reviewer."  These 
alternative  searches  are  intended  to  be  used  after  an 
initial  cut  of  the  existing  database  is  made  us*ne 
the  keywords  attention  on  a  few  dccuments  oi 

interest.  A  keyword  search,  may  be  followed  by  a 
text  search  of  a  specific  sub-category  before  the 
much  slower  search  of  the  full  text  of  the  most 
pertinent  reviews  is  contemplated.  In  this  way, 
short  total  search  times  on  a  personal  computer  are 
achieved.  This  storage  and  retrieval  system  for 
reviews  of  HLW  documents  is  expected  to  be 
complementary  to  a  separate  system,  under  development 
elsewhere,  for  storage  and  retrieval  of  the  full  text 
of  all  HLW  documents. 
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The  Nuclear  Waste  Management  Program  (NWMP)  at 
Lawrence  Livermore  National  Laboratory  is  responsible  for  the 
development  of  the  waste  package  design  to  meet  the  Nuclear 
Regulatory  Commission  licensing  requirements  for  the  Nevada 
Nuclear  Waste  Storage  Investigations  Project  (NNWSI).  This 
waste  will  include  spent  fuel  from  civil:  m  nuclear  power  plants 
(PWR  and  BWR  fuel  assemblies),  commercial  high  level  waste 
(CHLW)  in  the  form  of  borosilicate  glass  containing  commercial 
spent  fuel  reprocessing  wastes  and  defense  high  level  waste 
(DHLW)  contained  in  borosilicate  glass.  The  waste  package  is 
being  designed  for  emplacement  in  the  unsaturated  zone  above  the 
water  table  at  the  Yucca  Mountain  site  in  Nevada.  This  location 
should  result  in  a  slightly  oxidizing  repository  environment . 

The  Metal  Barrier  Selection  and  Testing  Task  is  responsible 
for  the  selection  of  the  materials  to  be  employed  in  the  waste 
package  container.  Six  candidate  materials  are  currently  under 
consideration.  These  materials  include  three  iron  to  nickel-based 
austenitic  materials  and  three  copper-based  alloy  materials.  The 
austenitic  materials  are  A1SI  304L  stainless  steel,  AISI  316L 
stainless  steel  and  alloy  825.  The  copper-based  alloy  materials  are 
CD  A  102  (OFHC  copper),  CDA  613  (Cu-7Al)  and  CD  A  715  (Cu- 
30Ni).  The  selection  of  the  final  metal  barrier  material  is  dependent 
upon  the  expected  behavior  of  these  materials  in  the  repository 
environment. 

The  design  criteria  for  the  metal  barrier  require  that  the  waste 
container  maintain  mechanical  integrity  for  a  period  of  approximately 
50  years  after  emplacement  to  permit  retrieval  (if  desired)  of  the 
nuclear  waste  during  the  preclosure  phase  of  repository  operation. 
The  engineered  barrier  system  is  required  to  provide  substantially 
complete  containment  of  the  waste  for  a  period  of  up  to  1000  years. 
The  metal  barrier  is  part  of  the  engineered  barrier  system.  During 
the  containment  period,  the  metal  barrier  will  be  exposed  to  a 
varying  environment.  A  few  years  after  emplacement  the  surface  of 
a  representative  spent-fuel  waste  package  container  will  reach  a 
maximum  temperature  of  about  250°C  due  to  the  decay  heat  of  the 
high-level  waste.  This  temperature  will  drop  to  about  150°C  within 
approximately  100  years  lollowing  emplacement.  This  time  period 
will  also  include  the  highest  gamma  radiation  field  from  the  decay  of 
the  high  level  waste.  This  radiation  will  promote  radiolytic 
decomposition  of  water  vapor  near  the  container  surfaces.  The 
hydrogen  evolved  by  this  radiolysis  process  has  the  potential  to 
significantly  alter  the  metallurgical  behavior  of  the  container 
material.  Another  source  for  hydrogen  is  from  the  slow 
electrochemical  decomposition  of  water  on  a  corroding  metal 
surface.  The  expected  temperatures  and  gamma  radiation  fields 
around  CHLW  and  DHLW  packages  are  less  than  for  spent  fuel 
waste  packages. 

SUMMARY  OF  RESULTS 

An  analysis  of  the  available  data  with  respect  to  the  effects  of 
hydrogen  on  the  austenitic  candidate  materials  304L,  316L.  and 
alloy  825  has  been  completed.  There  is  significant  documentation  to 
show  that  316L  is  less  susceptible  than  304L  to  hydrogen 
embrittlement  at  room  temperature  [1|.  Both  alloys  are  less 
susceptible  to  hydrogen  when  they  have  finer  grain  sizes  and  are  not 
sensitized,  although  316L  appears  to  be  less  sensitive  to 
sensitization  foT  finer  grain  sizes. 

There  is  a  definite  lack  of  literature  on  hydrogen  effects  in 
alloy  825  The  only  published  data  indicates  that  825  may  be 
slightly  more  susceptible  to  hydrogen  than  316  (2|.  In  this  study, 
hydrogen  was  introduced  by  cathodic  charging  in  5%  sulfuric  acid 
saturated  with  CS2  for  periods  of  2  to  32  days.  The  results  from 
this  study  have  shown  that  hydrogen  concentrations  on  the  order  of 


tens  of  pans  per  million  were  sufficient  to  cause  degradation  of  the 
mechanical  properties  of  all  three  alloys. 

Some  hydrogen  embrittlement  studies  in  304  showed  that  the 
alloy  was  less  susceptible  to  degradation  at  elevated  temperatures. 
In  one  study  13]  no  slow  crack  growth  in  hydrogen  was  reported  at 
170°C.  In  another  study  [4],  no  ductility  losses  due  to  hydrogen 
were  reported  at  107°C.  There  were  no  reported  elevated 
temperature  studies  for  either  3 1 6  or  alloy  825. 

Modeling  the  possible  deleterious  effects  of  hydrogen  will 
require  a  knowledge  of  hydrogen  solubilities  and  diffusivities  in  the 
container  material.  These  properties  for  304  and  Ni  are  shown  in 
Figures  1  and  2  [5-7].  At  room  temperature  solubilities  are  of  the 
order  of  parts  per  million  and  diffusivities  are  of  the  order  of  10  10 
to  1012  cm2/sec  in  both  materials.  There  is  no  data  for  316,  but 
hydrogen  solubility  and  diffusivity  in  the  stainless  steel  austenites 
are  reported  to  be  similar.  There  is  no  data  for  hydrogen  in  825,  so 
pure  nickel  data  is  presented  as  a  first  approximation. 

The  effects  of  hydrogen  on  the  candidate  materials  CDA 
102,  CDA  613  and  CDA  715  have  also  been  analyzed.  There  is  a 
significant  body  of  data  documenting  the  effect  called  "hydrogen 
sickness”,  which  is  the  reduction  of  G12O  impurities  located  on  the 
grain  boundaries  (8,9).  This  reduction  results  in  the  formation  of  a 
water  molecule  and  a  void  space  which  is  stabilized  by  the  water 
vapor.  The  interconnection  of  these  cavities  results  in  significant 
degradation  of  the  mechanical  properties  of  the  metal  and  the 
subsequent  brittle  failure  mode,  which  is  observed  experimentally. 
This  can  occur  with  as  little  as  22  atomic  parts  per  million  (appm) 
oxygen  and,  in  the  worst  case,  with  enough  hydrogen  to  titrate  the 
oxygen,  that  is,  44  appm  [10].  Although  this  is  a  significant 
hydrogen  concentration,  the  long  term  containment  re-  trements  of 
the  repository  may  result  in  oxide  reduction  by  radic  •  hydrogen 
or  corrosion  by-product  hydrogen  that  slowly  diffuse*  ...,o  the  grain 
boundaries  of  the  container  material. 

The  solubility  of  hydrogen  in  copper  was  documented  and 
the  data  were  plotted  in  Figure  3  over  the  temperature  range  of 
interest  for  repository  applications  [11-13].  The  diffusivity  and 
permeability  of  hydrogen  in  copper  were  also  documented  over  the 
same  temperature  range.  Theoretical  models  and  experimental 
evidence  of  the  trapping  of  hydrogen  in  copper  and  copper- 
aluminum  were  noted.  The  de trapping  temperatures  varied  slightly 
for  pure  copper  (50°C)  [  14]  and  the  copper-aluminum  alloy  { 1 10cC) 
[15].  Direct  application  of  these  models  and  data  to  repository 
conditions  is  not  suggested  since  the  hydrogen  charging  and 
trapping  methods  employed  in  these  studies  were  very  extreme. 

There  was  very  little  available  data  on  hydrogen  effects  in  the 
copper-nickel  alloy  system.  The  results  that  were  available  indicate 
that  the  solubility  of  hydrogen  increases  with  increasing  nickel 
concentration  as  shown  in  Figure  4  [16].  This  result,  coupled  with 
the  lack  of  data  in  the  literature,  suggest  that  there  is  probably  little 
observable  hydrogen  effect  in  the  copper-nickel  system. 

Analysis  of  the  available  hydrogen  effects  data  suggests  that 
alloy  825  and  316L  stainless  steel  may  be  superior  to  304L  in 
resisting  degradation  in  a  hydrogen  environment.  CDA  7 1 5  appears 
to  be  more  resistant  to  hydrogen  degradation  than  CDA  615  and 
CDA  102.  Direct  comparisons  between  the  austenitic  alloys  and  the 
copper-based  alloys  were  not  attempted.  Other  factors  besides 
resistance  to  hydrogen  effects  will  also  influence  which  material  is 
eventually  selected  for  fabricating  nuclear  waste  containers. 
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Plots  of  the  best  Fit  equations  to  experimental  data  for 
hydrogen  solubility  (at  a  pressure  of  1  atmosphere) 
in  304  [5]  and  Ni  [7].  The  experimental  data  is  in  the 
temperature  range  200°C  <  T  <  350°C. 


Figure  3.  Hydrogen  diffusivity  in  copperas  a  function  of 
temperature  [11-13). 
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Hydrogen  diffusivity  for  304  [5]  and  Ni  (6)  with 
best  fit  equation  to  experimental  data. 


Hydrogen  solubility  in  copper  alloys  as  a  function  of 
alloying  element  (wt.  %)  at  1 225°C.  Note  the 
increase  in  hydrogen  solubility  with  increasing  nickel 
content  [16). 
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MATHEMATICAL  MODELS  FOR  REDOX  AND  CORROSION 
POTENTIALS  FOR  HIGH  LEVEL  NUCLEAR  WASTE 
CONTAINERS  IN  TUFF  ENVIRONMENTS 
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Recently,  the  Yucca  Mountain  tuff  site  was 
selected  as  the  repository  for  high  level  nuclear 
waste  (HLNW)  for  the  United  States.  Characteristic 
features  of  this  repository  include  that  it  is  a  "dry" 
environment,  in  that  the  containers  are  not  expected 
to  be  in  contact  with  liquid  water  but  instead  will  be 
exposed  to  moist  air,  and  that  the  pressure  exerted  by 
the  environment  on  the  canisters  will  be  approximately 
atmospheric.  The  paramount  consideration  in  selecting 
a  container  material  is  that  it  must  be  sufficiently 
corrosion  resistant  to  provide  "substantially 
complete"  containment  for  a  period  of  no  less  than  300 
years  and  up  to  1000  years  after  closure  of  the 
geological  repository.  In  order  that  this  question 
can  be  addressed  rationally,  it  is  necessary  to 
predict  how  the  environment  will  evolve  over  a  period 
of  time  th.it  is  an  order  of  magnitude  longer  than  our 
experience  in  quantitative  corrosion  science. 

As  part  of  the  Nevada  Nuclear  Waste  Storage 
Investigation  Project,  we  have  developed  mixed 
potential  models  for  predicting  the  environment  redox 
potential  and  corrosion  potentials  for  HLNW  containers 
in  tuff  repositories.  The  models  assume  that  the 
container  is  in  contact  with  a  thin  aqueous  layer  on 
the  surface,  possibly  present  as  a  capillary 
condensate  in  the  pores  of  a  corrosion  product  film 
(Figure  1).  This  water  layer  is  subject  to  n 
and  7  radiolysis  to  produce  electroactive  species, 
such  as  H2,  02,  H202,  OH,  02*.  HO/ ,  H02 ,  H.  e,  H\ 
and  0H‘  via  a  mechanism  that  involves  33  homogeneous 
reactions.  Additionally,  these  nonequilibrium  species 
are  assumed  to  undergo  charge  transfer  reactions  at 
the  metal  surface  in  addition  to  the  oxidation  of  the 
container  material  itself.  These  reactions  take  place 
such  that  the  total  current  is  zero;  the  mixed 
potential  at  which  this  occurs  is  termed  the  "redox 
potential"  if  the  container  is  not  corroded  but  is  the 
"corrosion  potential"  when  container  oxidation  is 
taken  into  account.  The  eleven  coupled,  nonlinear, 
second  order  partial  differential  equations  that 
describe  the  transport,  generation,  and  reaction  of 
the  radiolysis  products  within  the  film  are  solved 
numerically,  with  the  additional  constraints  that  the 
film  must  be  electrically  neutral  at  all  points  and 
that  the  temperature  and  n  and  7  intensities  decay 
exponentially  with  time. 

Using  estimates  for  the  various  kinetic 
parameters  for  reactions  at  the  container  surface 
(exchange  current  densities,  transfer  coefficients, 
etc.)  we  have  calculated  corrosion  potentials  as  a 
function  of  time  for  carbon  steel,  AISI  304L  SS ,  AISI 
316  SS,  Alloy  825,  copper,  and  copper  alloys  CDA-102, 
CDA-163  and  CDA-715.  Typical  calculations  of  the 
change  in  corrosion  potential  for  AISI  304L  with  time 
are  shown  In  Figure  2  and  estimated  concentrations  of 
the  various  radiolysis  products  are  displayed  in 
Figure  3.  Generaly,  we  predict  that  the  corrosion 
potential  shifts  sharply  in  the  positive  direction  at 
short  times  followed  by  a  slow  drift  to  more  positive 
values  as  time  goes  on.  This  is  attributed  to  the 
competing  effects  of  decreasing  temperature 
and  (7,  n)  Intensity;  the  former  tends  to  shift  the 
corrosion  potential  in  the  noble  direction  while  the 
latter  results  in  a  shift  in  the  active  direction. 
Apparently,  for  the  parameter  values  selected  in  this 
study,  the  effect  of  decreasing  temperature  dominates. 
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Laboratory  investigations  were  conducted  on  carbon 
steel  and  low-alloy  steel  to  assess  their  potential  corrosion 
performance  in  the  hydrothermal  conditions  that  were  antici¬ 
pated  at  the  Hanford  repository  basalt  site.  The  work 
reported  focused  on  obtaining  kinetic  relationships  of  pitting 
processes.  The  test  environment  used  was  a  synthetic 
groundwater-packing  material  mixture,  which  consisted  of 
75%  crushed  basalt  and  25%  bentonite.  Measurements  were 
carried  out  with  specimens  in  pressure  vessels  at  50,  100,  150 
and  200°C.  Before  the  pressure  vessels  were  sealed,  the 
oxygen  content  of  the  synthetic  groundwater  was  lowered  to 
less  than  50  ppb  by  sparging  with  argon  gas. 

To  establish  conditions  required  to  initiate  pitting, 
anodic  and  cathodic  potentiodynamic  polarization  curves 
were  generated,  using  an  interrupter  technique  to  correct  for 
ohmic  potential  drops.  Polarization  curves  were  taken  after 
I,  24  and  168  h  exposures  at  open  circuit  conditions  Co 
evaluate  aging  effects.  Passivation  and  pitting  were  observed 
at  all  conditions  investigated  for  low-alloy  steel.  Carbon 
steel  did  not  passivate  at  50°C.  However,  passivation  and 
pitting  were  observed  in  carbon  steel  at  100,  150  and  200° C. 
The  extent  of  the  passive  range  of  potentials  increased  with 
exposure  time,  indicating  that  the  protective  properties  of 
the  passive  film  increased  with  aging  time. 


To  establish  pit  growth  rates,  a  device  was  designed  and 
constructed  which  could  be  used  to  measure  the  penetration 
time  of  pits  propagating  through  thin-walled  specimens 
mounted  in  autoclaves.  Using  this  apparatus,  pitting  kinetics 
were  determined  from  penetration  times  through  specimens 
with  varying  wall  thicknesses.  The  specimens  were  polarized 
at  potentials,  aEp,  50  and  25  mV  above  the  pitting  poten¬ 
tial.  Table  1  slrows  the  expressions  obtained  for  the  time 
dependence  of  pit  depth.  These  relationships  have  the  form 
dp  =  at  .  Under  all  conditions,  the  power  of  the  time 
dependence  is  less  than  one.  Thus,  the  rate  of  pit  growth 
decreases  with  time,  indicating  that  pit-growth  will 
effectively  cease  in  materials  sufficiently  thick. 

The  protection  potential,  Eor,  the  potential  below  which 
pits  will  not  propagate  if  initiated,  was  determined  for  carbon 
steel.  Pits  were  initiated  by  pulsing  the  potential  above  the 
pitting  potential,  after  which  it  was  stepped  down  to  values 
below  Ep.  These  values  were  the  following: 

Epr(  100°C)  =  -315  mVSH£ 

Epr(150»C).-290mVSHE 

Epr(200«C)  =  -120  mVSHE. 

Table  l 

Expressions  for  the  Time  Dependence  of  the  Pit  Depth 
(inches)  in  Carbon  Steel  and  Low-Alloy  Steel  Polarized 
Above  the  Pitting  Potential,  &E_,  and  at  Various 
TemperaturesH 
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Corrosion  Behavior  of  Low  Carbon 
Steel  in  High  pH  Aqueous  Media 

Anna  C.  Fraker  and  Jonice  S.  Harris 
National  Bureau  of  Standards,  Gaithersburg,  MD  20899 

The  purpose  of  this  work  was  to  study  the  corrosion 
behavior  and  localized  corrosion  susceptibility  of  low 
carbon  steel  in  simulated  ground  water  at  a  pH  of  9.75 
and  a  temperature  of  95  C.  These  studies  were 
conducted  as  part  of  a  program  to  evaluate  materials 
for  long  term  nuclear  waste  storage.  The  test 
conditions  used  in  the  present  study  typify  those  of  a 
basalt  repository  in  the  state  of  Washington,  but 
selected  aspects  of  the  results  are  applicable  to  low 
carbon  steels  in  other  environments  of  similar 
composition. 

Previous  studies  of  low  carbon  steel  in  this 
environment  indicated  that  pits  were  occasionally 
found  after  testing  but  stated  that  pitting  would  not 
develop  in  repository  conditions1.  In  general,  pitting 
would  not  be  expected  in  Low  carbon  steel  in  aqueous 
media  due  to  the  absence  of  surface  passivation2 • 3 • 4 . 
Other  reports  on  corrosion  of  low  carbon  steel  in 
aqueous  media  indicated  uneven  attack  over  the 
specimen  surface  but  did  not  indicate  pitting  attack5 . 


Modeling  studies6  of  pit  propagation  in  low  carbon 
steel  showed  that  pit  depth  propagation  increased  with 
the  presence  of  inert  or  nonreactive  pit  walls.  It 
has  not  been  determined  that  sufficient  pit  depth  and 
corrosion  product  accumulation  would  develop  to 
produce  this  protective  effect  assumed  in  the  model. 

The  present  investigation  applied  conventional 
electrochemical  techniques  to  study  pitting 
susceptibility  of  low  carbon  steel,  and  procedures  and 
results  are  discussed.  Testing  involved  making  cyclic 
anodic  polarization  measurements  of  the  A  27  low 
carbon  steel  specimens  in  Grande  Ronde  No.  4  water  at 
a  temperature  of  95  C.  The  pH  was  approximately  9.75. 
Some  tests  were  made  in  Grande  Ronde  No.  4  water 
containing  a  mixture  of  75  percent  basalt  and  25 
percent  bentonite.  The  basalt  and  bentonite  mixture 
were  to  fill  one  half  of  the  testing  flask,  but  the 
bentonite  expanded  upon  becoming  wet  and  the  mixture 
filled  approximately  two  thirds  of  the  volume  of  the 
flask.  The  solution  and  mixture  were  held  at 
temperature  for  one  hour  prior  to  inserting  the 
specimen  and  beginning  the  test. 

The  specimen  was  placed  in  the  95  C  solution  and  left 
at  open  circuit  potential  for  fifteen  minutes  prior  to 
making  the  polarization  measurements.  The 
potentiostatic  polarization  measurements  were  made  by 
applying  a  potential  to  the  specimen  at  the  rate  of 
0.01  V/  15  sec.  All  voltages  are  in  reference  to  a 
saturated  calomel  electrode  (S.C.E.). 

Electrochemical  measurements  indicated  that  pitting 
would  not  be  occurring.  Microscopic  examination  of 
corroded  specimens  indicated  overall  general  uneven 
surface  corrosion  with  some  shallow  local  attack  in 
the  ferritic  phase.  Since  the  specimen  never 
passivated,  the  localized  attack  was  related  to 
preferential  surface  sites,  and  not  to  the  usual 
electrode  potential  difference  and  current  densities 
for  producing  pits  of  unknown  depth  and  damage.  These 
results  indicate  that  pitting,  as  classically  defined, 
does  not  occur  in  this  low  carbon  steel.  The  overall 
general  corrosion,  thick  surface  films,  and 
nonpassivating  conditions  resulted  in  limited  and 
shallow  localized  attack.  Observations  of  surfaces 
after  the  thick  film  was  removed  revealed  preferential 
attack  in  the  pearlltic  regions. 
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INTRODUCTION 

Carbon  steel  has  potential  as  a 
candidate  material  for  containment  of  high 
level  nuclear  waste  in  permanent 
repositories  in  rock  salt.  In  addition  to 
large  amounts  of  NaCl,  rock  salt  contains 
significant  amounts  of  other  chlorides, 
especially  Magnesium  chloride.  The 

increase  in  corrosion  rate  of  carbon  steel 
in  brines  containing  Mg2*  ions  has  been 
reported  previously (1 , 2 ) .  The  objective 
of  the  present  investigation  was  to 
identify  the  mechanism  which  leads  to  the 
observed  high  corrosion  rates  of  carbon, 
steel  in  Mg* ♦  containing  brines. 

EXPERIMENTAL  PROCEDURE 

The  material  used  in  this  investigation 
was  A  216  grade  WCA  carbon  steel.  Anodic 
and  Cathodic  polarization  experiments, 
controlled  anodic  potential  current/time 
and  linear  polarization  experiments  were 
carried  out  at  150,  125,  100,  75  and  50° C 
in  saturated  NaCl  with  appropriate 
Magnesium  Chloride  additions.  The  experi¬ 
ments  at  temperatures  above  100° C  were 
conducted  in  static  Hastelloy  autoclaves. 

A  conventional  Pyrex  glass  cell  with  an 
electrical  heating  mantle  was  used  for 
tests  conducted  at  temperatures  below 
100° C.  High  temperature  pH  measurements 
were  made  using  a  Yttria  stabilized 
Zirconia  tube  as  the  pH  sensor. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  anodic  and  cathodic  pola¬ 
rization  curves  at  100° C  for  A216  carbon 
s  -eel  in  saturated  NaCl  solution  with 
varying  Mg2*  additions.  Anodic  polarization 
curves  exhibit  a  well  defined  Tafel 
behaviour  before  the  appearance  of  an 

anodic  limiting  current  plateau.  It  is 
clear  from  the  anodic  polarization  curves 
that  there  is  no  significant  change  in  the 
anodic  behaviour  of  carbon  steel  due  to 
Mg2*  additions  to  saturated  brine.  The 
observed  increase  in  the  corrosion  rate 
with  Mg**  additions  is  ~ue  to  a  change  in 
the  cathodic  Tafel  slope.  This  change  in 
the  cathodic  Tafel  slope  also  leads  to  a 
positive  shift  in  the  corrosion  potential. 


High  Temperature  pH  measurements {Table  1) 
in  Mg2 ♦  containing  brines  show  a  sharp 
decrease  in  pH  proportional  to  Mg2* 
additions.  This  result  strongly  suggests 
hydrolysis  of  MgCl2  leading  to  a  build  up 
of  HC1 .  The  probable  equation  is: 

MgCl*  +  H20  — >  Mg (OH) Cl  +  HC1 

Linear  polarization  experiments  were 
conducted  to  monitor  corrosion  rate  conti¬ 
nuously  over  a  period  of  time.  Figure  2 
shows  a  typical  plot  of  corrosion  rate 
versus  time  obtained  using  linear  polariza¬ 
tion  technique.  Steady  state  corrosion 
rate  is  reached  after  approximately  60 
hours  and  it  is  about  an  order  of 
magnitude  lower  than  the  corrosion  rate  at 
the  start  of  the  experiment.  Table  2 
shows  the  steady  state  corrosion  rates 
obtained  at  150° C. 

CONCLUSIONS 

The  very  high  corrosion  rates  found  in 
brines  containing  Mg2  *  ions  is  due  to 
hydrolysis  of  MgCl2  at  high  temperatures. 
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Figure  1:  Anodic  and  Cathodic  polarization 
curves  at  100® C  for  A  216  WCA  grade  carbon 
steel  in  saturated  NaCl  with  Mg2  * 
additions . 
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Figure  2:  Corrosion  rate/time  plot  at  150° C 
(obtained  by  linear  polarization  technique) 
for  A216  WCA  grade  steel  in  saturated  NaCl 
with  70K  and  35K  ppm  Mg2 *  additions. 
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Table  l:Results  of  pH  measurements  at  150° C 
in  saturated  brines  containing 
varying  concentrations  of  Mg2'  ions. 


SYSTEM 

Et 

pH  9150°  C 

pH  9  R  .  T> 

mV* 

9  /  A  0  C  1 

Saturated  NaCl 

490 

4.06 

5. 7(5. 7) 

NaCl+7K  ppm  Mg2  * 

680 

1 . 80 

5 . 8  (6  .  $ 

NaCl+35K  ppm  Mg2 4 

690 

1.68 

4.2(5.$ 

NaCl+70K  ppm  Mg2  ' 

7  80 

0.60 

3.4(4)* 

*  The  pH  values  in  brackets  correspond  to 
the  pH  of  the  respective  system  measured 
after  autoclaving  and  at  room  temperature. 


Table  2: 

Steady  state  corrosion  rates  for 
A216  WCA  grade  steel  in  Saturated 
NaCl  with  varying  Mg2 4  ion  concen 
trations (•150°  C) . 

SYSTEM 

lc»rr 

(at  steady  state) 
^A/cm2 

Saturated 

NaCl 

1 . 5 

NaCl+35K 

ppm  Mg2  4 

130.0 

NaCl+70K 

ppm  Mg2  4 

400.0 

2«j 
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EFFECT  OF  TFtANSPORT  AND  RESISTIVITY 
CHARACTERISTICS  OF  THE  ENVIRONMENT 
ON  THE  CORROSION  OF  STEEL 

E.  Escalante  and  T.  Oka' 

National  Bureau  of  Standards 

Gaithersburg,  MD  20899 

Most  studies  on  corrosion  of  High  Level  Waste  container 
materials  are  carried  out  in  aqueous  solutions  in  which  the 
transport  processes  of  diffusion  and  convection  are  high. 
However,  it  is  important  to  consider  the  effect  of  low 
transport  and  high  resistivity  properties,  as  expected  in  the 
tuff  environment  of  Yucca  Mountain,  on  the  corrosion  of 
metals.  Conditions  of  low  transport  and  high  resistivity  can 
cause  localized  corrosion,  as  observed  in  other 
environmetal  systems,  resulting  in  higher  penetration  rates 
than  would  develop  under  conditions  of  uniform  corrosion. 

In  this  study,  transport  and  resistivity  are  controlled  over 
several  orders  of  magnitude,  and  their  effect  on  the  rate  and 
form  of  corrosion  are  observed. 

Small  steel  coupons  are  immersed  in  a  matrix  of 
environmental  conditions  in  which  transport  and  resistivity 
are  controlled,  and  the  corrosion  rate  of  each  coupon  is 
measured  periodically.  Measurements  of  corrosion  rate  are 
carried  out  using  polarization  resistance  and  a.  c. 
impedence  techniques.  The  technique  of  polarization 
resistance  allows  a  rapid  determination  of  corrosion  rate, 
however,  correction  for  iR  error  in  the  potential 
measurements,  in  high  resistivity  media,  must  be 
performed.  Duhng  the  corrosion  measurement,  specimens 
are  polarized  from  *10  to  10  mV,  versus  open.  curcu't 
potential,  and  the  current  applied  to  obtain  this  change  is 
measured.  Corrosion  rates  are  calculated  from  the  data 
that  results.  More  information  is  obtained  using  a.  C. 
impedance,  but  the  measurement  requires  more 
sophisticated  evalution  compared  to  the  polartzation 
resistance  technique.  In  addition  to  corrosion  rate  data, 
without  the  problem  of  iR  compensation,  a.  c.  impedance 
provides  information  on  the  mechanism  of  corrosion  and 
resistivity  of  the  media-oxide.  Gravimetric  weight  loss 
measurements  are  made  for  vehfication  on  total  weight 
loss.  The  extent  of  pitting  and  uniform  corrosion  are  also 
evaluated  at  the  end  of  the  exposure  pertod. 

Transport  properties  of  the  environment  are  controlled  by 
using  liquid,  sand,  and  agar  in  the  electrolyte  media.  The 
transport  of  oxygen  through  these  media  is  affected  by 
several  factors  including  the  reduced  cross-section  of  the 
electrolyte,  the  increased  diffusion  path  of  the  diffusing 
species,  and  possible  ionic  interactions  between  the 
electrolyte  and  the  agar  or  sand.  Using  sphertcal  and 
cylindrtcal  gold  electrodes,  the  cathodic  reduction  of  oxygen 
is  carried  out  using  polarographic  techniques.  The  rate  of 
oxygen  reduction  at  the  gold  surface  is  related  to  the 
concentration  and  rate  of  transport  of  oxygen  through  the 
media  as  defined  by  the  general  equation; 


i  =  (nFADTC/r)(t-1r'2)  +  k 


where  i  = 
n  = 
F  = 
A  = 
DT  = 
C  = 
r  = 
t  = 
k  = 


Transient  current 
e’:ctron  exchange 
Faraday  number 

Surface  area  of  the  gold  electrode 
Transport  constant  for  the  media 
Initial  concentration  of  oxygen 
radius  of  the  gold  electrode 
Transient  time 
geometnc  constant 


It  is  interesting  to  note  that  the  thickness  of  the  diffusion 
layer  influences  the  rate  of  transport.  As  the  thickness  of 
this  layer,  controlled  by  the  transient  time,  decreases  to  a 
small  fraction  of  the  media  particle  size,  the  transport 
constant  approaches  the  diffusion  constant  in  the  liquid 
environment.  Conversely,  as  the  diffusion  layer  thickness 
approaches  the  radius  of  the  media  particle  size,  the 
transport  constant  increases. 


Resistivity  of  the  different  media  is  controlled  by  the 
concentration  of  the  electrolyte.  During  the  initial  study, 
sodium  chlortde  solutions  were  used  as  the  electrolyte. 
Measurements  of  a.  c.  impedance  on  the  cylindrtcal  gold 
electrodes  in  the  media  provide  a  measure  of  resistivity. 
Transport  and  resistivity,  along  with  corrosion  rate  of  the 
steel  coupons,  are  measured  each  week. 


The  results  of  the  first  stage  of  this  study  indicate  that 
transport  properties  in  the  vahous  media  differ  by 
approximately  an  order  of  magnitude,  with  the  liquid 
environment  having  the  largest  transport  constant  (Dy  = 
1.5x10‘5cm2s),  sand  the  lowest  (Dy  *  5x1  O'7  cm2s),  and 
agar  in  between  (Dy  =  3x1  O’6  cm2s).  Resistivities  of  the 
media  ranged  from  40  Q  cm  for  the  3.5  %  sodium  chloride 
solutions  to  6500  Si  cm  in  0.0035  %  sodium  chlonde 
solutions.  The  greatest  degree  of  pitting  and  the  highest 
corrosion  rates  were  observed  in  the  sand  media  followed 
by  the  liquid  environment,  and  the  lowest  corrosion  rates 
and  most  uniform  corrosion  were  observed  in  the  agar 
media. 
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THE  ANALYSIS  OF  ELECTRODE  PROCESSES  BY 
ALTERNATING  CURRENT  AND  TRANSIENT  TECHNIQUES: 
RECOGNITION  OF  MECHANISMS. 

M.  SLUYTERS-REHBACH  and  J.H.  SLUYTERS 
Van 't  Hoff  Laboratory,  University  of  Utrecht 
Padualaan  8,  P.O.BOX  80  051,  3508  TB  Utrecht 
The  Netherlands. 

Stimulated  by  the  enormous  progress  in  the  development  ot 
electronics  during  the  last  three  decades,  the  ac  and  transient  techniques 
for  the  study  of  electrode  processes  have  evolved  to  an  outstanding  level 
as  regards  precision  and  potentialities.  The  initial  aim  being  the 
determination  of  the  kinetic  parameters  ks  (standard  rate  constant)  and  a 
(transfer  coefficient)  of  the  Butler- Volmer  formalism  [1],  it  was  soon 
recognized  that  these  techniques  are  eminendy  suited  to  be  applied  with 
the  aim  of  understanding  the  partial  processes  contributing  to  the  overall 
electrochemical  process,  provided  that  the  appropriate  methodology  was 
derived  [2-4J. 

The  overwhelming  number  of  different  techniques  may  be 
classified  as  follows: 

(i)  large  amplitude  techniques;  e.g.  chronopotcntiometry,  chrono- 
ampemmetry,  chronocoulometry 

(ii)  small  amplitude  techniques;  e.g.  potentiostatic  or  galvanostatic 
pulse  perturbations 

(iii)  first  order  ac  techniques;  second  harmonics,  rectification  or 
demodulation  measurements. 

Each  of  these  has  specific  potentialities  as  well  as  specific  limitations.  In 
our  laboratory  considerable  experience  was  collected  on  this  matter, 
leading  to  the  conclusion  that  combined  application  of  three  principally 
different  types  of  methods  is  most  beneficial,  namely  [5-7] 

-  dc  voltammetry,  chronoamperometry  or  chronocoulometry 

-  impedance  voltammetry,  i.e.  impedance  measurements  as  a  function 
of  a  dc  bias  potential 

-  demodulation  voltammetry,  i.e.  measurements  of  the  demodulation 
voltage  response  to  a  modulated  ac  current  perturbation,  also  as  a 
function  of  a  dc  bias  potential. 

The  information  obtained  with  these  methods  is  partly  identical  and 
thus  mutually  confirmative,  but  partly  also  complementary.  In  view  of 
the  large  amount  of  data,  computerized  equipment  has  been  built  for 
automatic  or  semiautomatic  performance.  In  the  first  instance  the  data  are 
manipulated  to  separate  the  contributions  of  ohmic  resistance  and  of 
double-layer  charging.  Next  they  can  be  used  diagnostically  to  identify 
the  processes  controlling  the  electrode  reaction(s).  Finally,  by 
quantitative  analysis  the  detailed  mechanism  of  these  processes  can  be 
investigated.  Besides  mass  transfer  that  inevitably  alw  ays  has  to  be 
accounted  for  properly  (both  in  the  ac  and  the  dc  sence)  the  following 
cases  should  be  distinguished. 


1.  Charge  transfer.  From  manifold  studies  during  the  last  fifteen  years  it 
became  evident  that  even  "simple"  model  reactions,  like  metal  ion 
reductions,  proceed  via  multi-step  mechanisms,  containing  not  only 
single  electron  transfer  steps,  but  also  heterogeneous  chemical  reaction 
steps.  Of  the  latter  sometimes  the  nature  is  obvious,  e.g.  protonation  or 
dissociation,  but  sometimes  their  nature  is  still  unidentified.  The 
intermediates  in  these  mechanisms  are  supposed  to  be  relatively 
unstable. 

2.  Successive  charge  transfer.  In  this  case  two  or  more  charge  transfer 
processes  occur  successively,  but  with  stable  or  relatively  stable 
intermediates.  This  means  that  the  intermediate  can  undergo  mass 
transfer,  or  can  adsorb  at  the  interface. 

3.  Reactant  adsorption.  If  an  electroactive  species  is  also  adsorbed,  the 
response  of  the  three  techniques  is  extremel>  sensitive  to  the  extent  of 
this  adsorption,  and  detailed  information  can  be  obtained  about  isotherm 
parameters  as  a  function  of  the  dc  potential. 

4.  Coupled  homogeneous  reactions.  Due  to  the  large  time  scale  covered 
by  the  various  techniques,  the  occurrence  of  preceding,  intermediate  and 
following  reactions  in  the  solution  phase  can  well  be  detected  and  their 
kinetics  determined. 

5.  Electrochemical  phase  formation.  When  a  new  phase  is  deposited  on 
the  electrode,  its  kinetics  have  to  be  described  in  terms  of  nucleation  and 
growth.  In  a  way  these  processes  are  to  be  related  with  the  foregoing 
items. 

Several  examples  of  the  mentioned  items  have  been  studied 
successfully,  and  the  effects  of  solution  composition,  inhibitors  and 
catalysts  have  been  interpreted  on  the  basis  of  the  formalisms  developed. 
Mostly  these  studies  concern  model  systems,  i.e.  relatively  ’’simple" 
electrode  reactions  occurring  at  mercury,  gold  or  vitreous  carbon 
electrodes.  In  the  case  of  the  solid  electrodes,  special  attention  has  been 
paid  to  the  anomalous  behaviour  of  the  interfacial  impedance,  known 
since  long  as  the  phenomenon  of  the  Constant  Phase  Element.  The  very 
recently  proposed  description  of  this  behaviour  based  on  the  concept  of 
fractal  roughness,  appears  to  provide  a  satisfactory  explanation  [8,9|. 
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Ac  impedance  is  recognized  as  a  most  useful  method  for 
studying  the  electrochemical  nature  of  many  systems.  An 
advantage  of  this  spectroscopic  technique  is  that  the  impedance, 
as  a  function  of  frequency,  often  displays  the  constituting 
characteristics  of  the  system  separately.  Therefore,  the 
electrode  frequency  response  is  helpful  for  elucidating  the  rate- 
determining  processes  of  an  electrochemical  system.  However, 
due  to  intricate  coupling  of  charge-transfer  reactions  at  the 
surface  and  mass  transfer  in  the  presence  of  a  nonuniform 
electric  field  in  the  solution,  the  quantitative  interpretation  of 
experimental  data  is  not  always  easy.  Equivalent  circuits 
labeled  as  “theoretical  models”  still  are  frequently  used,  even 
though  Grahame11  pointed  out  the  shortcomings  of  that 
approach  over  thirty  years  ago:  “The  objection  to  this 
procedure  is  that  one  has  no  way  of  knowing  whether  or  not  a 
given  equivalent  circuit  is,  in  fact,  equivalent  to  the  interface 
under  consideration  except  by  carrying  out  an  independent 
analysis  of  the  problem  which  is  the  objective  of  those  who  use 
this  method  to  avoid.”  Consequently,  the  inability  to 
understand  frequency-response  data  quantitatively  is  probably 
the  biggest  problem  with  using  the  ac-impedance  technique 
Controversy  in  the  interpretation  of  impedance  measurements  is 
common  and  will  continue  until  better  methods  for  data 
reduction  and  analysis  are  available. 

Methodology 

The  objective  of  this  work  is  to  attempt  to  bridge  the  gap 
between  experimental  and  theoretical  impedance  analysis 
Combining  the  two  is  unavoidable  if  our  goal  of  understanding 
the  phenomena  that  give  rise  to  a  particular  frequency  response 
for  a  given  electrochemical  system  is  to  be  achieved. 
Quantitative  agreement  between  experimental  impedance  data 
and  theoretical  calculations,  based  on  fundamental  governing 
equations,  should  yield  insight  and  understanding  of  the 
electrochemical  system  being  investigated. 

The  specific  objectives  of  this  paper  are  as  follows.  First,  a 
generalized  theoretical  framework  for  the  calculation  of  the 
total  impedance  is  to  be  presented  as  a  function  of 
thermodynamic  and  kinetic  parameters,  as  well  as 
multicomponent  mass-transport  properties.  Second.  a 
generalized  procedure  that  has  been  developed  for  obtaining  the 
fundamental  and  necessary  input  parameters  from  experimental 
frequency-response  data  will  be  discussed.  Third,  the 
parameters  obtained  from  this  procedure  will  be  used  in  the 
macroscopic  model  to  calculate  the  total  electrochemical 
impedance  as  a  function  of  frequency  for  various  conditions. 
Comparisons  will  then  be  made  with  the  experimental  results^ 
for  the  dissolution  of  a  copper  rotating  disk  in  chloride 
solutions. 


Model  Description 

A  mathematical  model  has  been  developed  that  calculates 
the  frequency  response  of  a  rotating  disk  accounting  for 
multicomponent  diffusion,  migration,  and  homogeneous  and 
heterogeneous  reactions.  The  working  algorithm  uses 
concentrated-solution  theory,  incorporating  the  Stefan-.Vfaxwell 
transport  equations,  and  accounts  for  a  finite  Schmidt  number 
and  interfacial  velocity.  The  governing  equations  within  the 
disk  boundary  layer  along  with  the  electrode  boundary 
conditions  are  solved  using  a  finite-difference  procedure,  first  for 
the  steady-state  problem,  and  then  as  a  function  of  frequency 

Additionally,  the  electrochemical  impedance  of  the  disk 
electrode  is  analyzed  theoretically,  including  a  detailed 
breakdown  of  the  total  potential.  Examining  the  impedance  due 
to  each  contribution  of  the  cell  potential  and  total  current  gives 
rise  to  impedance  terms  typically  neglected  in  other  ac- 
impedance  treatments.  This  approach  makes  it  possible  to  see 
where  certain  assumptions  have  been  made  in  the 
electrochemical  impedance  literature,  although  they  are  not 
always  clearly  stated 
Data  Reduction 

The  data  reduction  scheme  that  has  been  developed  is 
based  on  analytic  solutions  for  the  faradaic  impedance.  The 
simplifying  expressions  are  derived  from  dilute-solution  theory 
with  no  migrations!  effects,  as  opposed  to  the  more  genera! 
Stefan-Maxwell  multicomponent  transport  equations.  The 
resulting  analytic  forms  of  the  faradaic  impedance  are  helpful 
for  verifying  ones  intuition  and  for  testing  the  more  general, 
complex  model,  which  requires  a  numerical  solution.  These 
equations  arc  most  useful  for  analyzing  impedance  results  and 
for  yielding  new  ways  of  plotting  the  experimental  data  for 
determining  important  kinetic  and  transport  parameters  of  an 
electrochemical  system  For  example,  a  plot  of  the  real  part  of 
the  impedance  versus  *--14  provides  a  method  for  determining 
the  kinetic  and  thermodynamic  parameters  for  a  particular 
system.  The  characteristic  time  constants  of  the  mass-transfer 
and  kinetic  impedance  loops  also  are  given. 

Model  Predictions 

The  total  electrochemical  impedance  of  a  copper  rotating 
disk  in  chloride  solutions  is  calculated  as  a  function  of  frequency 
by  the  Stefan-Maxwell  macroscopic  model  The  model  results 
are  used  to  meet  the  following  objectives  First,  the  validity  of 
the  generalized  program  was  checked  by  comparing  the 
concentrated-solution  model  in  the  limit  of  dilute  solutions, 
excess  of  supporting  electrolyte,  and  infinite  Schmidt  number  to 
known  analytic  solutions.  Excellent  agreement  was  obtained 
Second,  the  copper-chloride  results  are  plotted  in  various  forms 
enabling  additional  information  about  the  given  system  to  be 
obtained.  For  example,  the  effect  of  finite  rates  of  the 
homogeneous  complexation  reaction  and  the  effects  of  the 
Schmidt  number  and  different  rotation  speeds  on  the  frequency- 
response  of  the  faradaic  impedance  were  examined  Finally,  a 
new  way  of  plotting  the  dimensionless  convective-diffusion 
impedance  is  proposed  that  reduces  the  Schmidt  number 
dependence  of  the  frequency  response  nearly  to  one  curve  by 
stretching  the  abscissa  using  (w/fllSr'A 
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A  SHOOTING  METHOD  TREATMENT  FOR 
ROTATING  DISK  ELECTRODE  IMPEDANCE 
DATA  OVER  THE  ENTIRE  FREQUENCY  RANGE 

Rael  Morris,  Anna  Kassimati  and  William  Srayrl 


A  rigorous  mathematical  description  of  the  experimental  system  has 
thus  been  developed,  and  can  be  used  in  a  generalized  minimization 
or  non-linear  least  squares  routine,  in  order  to  choose  the  ’best' 
values  of  the  physical  and  chemical  constants  that  characterize  the 
system  (5,6). 
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INTRODUCTION 

Transient  techniques  are  often  used  in  electrochemical  systems  for 
the  study  of  electrode  kinetics  and  mass  transfer.  Disturbing  the 
reaction  from  the  steady  state,  by  applying  a  perturbation  to  the  sys¬ 
tem,  allows  the  elementary  processes  occurring  to  relax.  As  these 
various  processes  respond  to  the  perturbation  at  different  rates,  the 
time  response  of  the  system  can  be  analyzed  to  characterize  them. 
The  results  of  such  techniques  are  referred  to  as  impedance  data. 

In  order  to  meaningfully  analyze  the  impedance  data,  they  have  to 
be  compared  with  an  analytic  expression  for  the  measured  quantity 
(1).  The  value  of  the  parameters  in  such  an  analytic  expression  which 
are  found  to  best  fit  the  measured  data,  are  then  ascribed  physical  or 
chemical  significance.  In  this  way  important  physical  and  chemical 
constants  (such  as  diffusion  coefficients  or  rate  constants)  may  be 
obtained  for  the  system. 

It  is  highly  desirable  for  the  calculation  procedure  to  be  fast  and 
accurate,  so  that  parameters  can  be  estimated  in  a  routine  fashion 
while  the  data  is  being  measured.  In  this  contribution,  we  d'-rribe  a 
method  for  solving  the  differential  equations  associated  with  the  con¬ 
vective  mass  transfer  to  a  rotating  disk  electrode,  appropriate  for 
online  laboratory  analysis. 


RESULTS  AND  DISCUSSION 

The  20d  order  Runge-Kulta  (R-K)  method,  applied  to  the  initial 
value  problems,  allows  [l[  to  be  solved  with  significantly  (ess  work 
than  the  traditional  finite  element  and  finite  difference  formulation  or 
Chebychev  collocation  methods  (5,6). 

The  resulting  coupled  system  of  equations  has  been  solved  numeri¬ 
cally  by  applying  a  16  point  Chebychev  collocation  method  to  the 
original  system,  and  8  and  16  point  2nd  order  R-K  methods  applied 
to  the  shooting  method  initial  value  problems;  the  results  have  been 
compared.  The  £  domain  extends  out  to  infinity  from  the  electrode 
surface;  however  numerical  experimentation  has  shown  that 
“  2.7  ,  and  *  1.7  for  the  Chebychev  and  R-K  techniques 
respectively  are  sufficient.  The  relative  execution  times  of  the  three 
methods  were  recorded;  the  8  point  R-K  was  found  to  be  16  im.es. 
faster  than  the  Chebychev  method:  and  the  16  point  R-K  method  ran 
8  times  faster  than  the  Chebychev  method. 

Values  of  {  -  1  /  ©  ’(0)  }  were  calculated  using  these  three  methods, 
and  compared  with  an  exact  solution  for  infinite  values  of  Sc.  The 
maximum  relative  error  in  either  the  real  or  imaginary  parts  of  the 
convective  Warburg  impedance  is  within  0.1rc  for  both  the  Cheby¬ 
chev  and  16  point  R-K  methods,  and  within  for  the  8-point  R- 

K  method.  Application  of  the  2Bd  order  R-K  method  to  the  decou¬ 
pled  system  gives  results  with  an  acceptable  precision  in  a  faster  and 
more  simple  manner  than  conventional  methods  for  handling  coupled 
boundary  value  problems. 


ANALYTIC  MODEL 

A  successful  model  of  a  simple  electrochemical  system  invariably  has 
to  include  terms  to  account  for  ohmic  resistance,  double  layer  capaci¬ 
tance,  kinetic  factors,  and  a  convection-diffusion  term  (2).  Of  these  it 
is  the  latter  which  gives  mathematical  complexity  to  the  characteri¬ 
zation  of  these  systems 

If  a  small  sinusoidal  perturbation  is  imposed  on  a  rotating  disk  elec¬ 
trode  system  at  steady  state,  then  a  linear  response  can  be  expected 
in  perturbations  of  electrode  concentrations.  This  results  in  a 
separated  variable  solution  to  the  convective  diffusion  equation, 
yielding  an  ordinary  differential  equation  in  the  spatial  component  of 
the  concentration  perturbation  (  0  )  given  by  (3): 


In  Figure  1  is  presented  the  calculated  values  of  real  and  imaginary 
parts  of  the  dimensionless  convective  Warburg  impedance 
{  “  1  /  ©'{0J  }  as  a  function  of  Sc.  The  curve  for  infinite  Sc  devi¬ 
ates  significantly  from  the  curve  for  low  Sc.  thus  necessitating  a  simi¬ 
lar  treatment  to  the  one  presented  here  in  order  to  successfully 
analyze  impedance  data  for  these  systems. 

The  solution  of  boundary  value  problems  for  the  purpose  of  parame¬ 
ter  estimation,  is  generally  a  method  that  can  only  be  tackled  suc¬ 
cessfully  by  large  scale  mainframe  computers  Numerical  solutions  of 
these  types  of  problems  invariably  require  the  manipulation  of  large 
systems  of  linear  equations,  a  memory  intensive  and  time  consuming 
procedure.  Further,  the  solution  to  the  differential  equations  are  usu¬ 
ally  required  many  times  in  the  course  of  the  iterative  parameter 
estimation  process 


where  £  is  dimensionless  axial  coordinate,  K  is  a  dimensionless  fre¬ 
quency  of  the  perturbation  signal.  Sc  is  the  Schmidt  number,  and  a 
and  b  are  constants.  The  following  boundary  conditions  are  imposed 
on  equation  (lj: 

6  -  1  »t  (  -  0,  0  — *  0  as  £ —•  oe  [2! 

requiring  that  the  concentration  perturbation  be  zero  far  from  the 
disc,  while  at  the  interface  the  amplitude  of  the  perturbation  remain 
at  a  specified  constant  value. 

Equation  Ijj  with  boundary  conditions  [2)  can  be  solved  by  splitting 
the  solution  into  real  and  imaginary  parts,  and  solving  a  coupled  sys¬ 
tem  of  equations.  The  coupled  equations  can  be  solved  most  economi¬ 
cally,  by  using  a  shooting  method  approach  (4),  and  solving  two 
related  initial  value  problems  Any  time  stepping  procedure  may  ho 
used  to  calculate  the  solutions  to  these  resulting  initial  value  prob¬ 
lems.  and  hence  the  solution  to  [I], 


Thus  we  have  reduced  a  srcmingly  intractable  problem  into  one  that 
can  be  very  easily  handled  by  a  laboratory  scale  computer,  quickly, 
effectively,  and  in  real  time.  This  method  may  be  applied  to  other 
types  of  linear  systems  of  differential  equations,  but  certainly  for  the 
calculation  of  Warburg  impedances  it  shows  marked  improvement 
over  the  conventional  numerical  schemes 
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Figure  1 


Comparison  of  {-I/©'(0)}  at  finite  and  infinite  Schmidt 
number,  calculated  using  the  shooting  method  with  a  16  point  2ad 
order  Runge-Kutta  scheme. 
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The  presence  of  an  anodic  surface  film 
dramatically  affects  the  electrochemical  behavior 
of  dissolving  electrode  in  processes  like  corrosion 
inhibition,  passivity,  eleotropolishing  or  pitting. 
The  present  study  was  initiated  to  learn  more  about 
the  physical  properties  of  the  surface  films 
present  at  the  surface  of  a  copper  electrode  during 
anodic  dissolution  in  0.5  M  sulfuric  acid  and  40  mM 
benzotriazole  (BTA)  at  25  °C  This  study  is  of 
practical  importance  because  this  organic  compound 
is  videly  used  for  corrosion  inhibition  and  as 
etching  additive. 

The  impedance  spectra  measured  after  10  min 
of  polarization  (vith  a  SOLARTRCN  1250  Frequency 
Response  Analyser  and  a  SOLARTRCN  1286  Electrochem¬ 
ical  Interface)  vere  analyzed  by  comparison  vith  a 
physical  model  of  the  electrochemical  interface  in 
vhioh  the  passive  electrode  is  covered  vith  a 
barrier  layer.  The  main  assumptions  are  that  this 
barrier  layer  is  a  good  electronic  insulator  of 
stoichiometric  composition  and  that  oharge  transfer 
reactions  and  double  layer  charging  occur  at  both 
metal-barrier  layer  and  barrier  layer-electrolyte 
interphases.  This  model  also  considers  the  change 
in  the  barrier  layer  thickness  under  the  influence 
of  the  applied  potential. 

Least  squares  fitting  of  measured  impedance 
spectra  yield  physical  parameters  of  reasonable 
order  of  magnitude  to  support  the  proposed  model. 
As  predicted  by  Cangellari  (1),  it  vas  found  that 
the  barrier  layer  is  itself  covered  by  an  outer 
porous  film  of  corrosion  products  and  that  the 
metallic  ions  transfer  through  the  barrier  layer 
under  high  field  conduction.  By  comparing  the  crys¬ 
tallographic  lattice  parameters  and  the  dielectric 
constants  of  different  copper  compounds,  the  jump 
distance  vas  determined  to  be  about  5.5  A, 

indioat ing  that  the  barrier  layer  is  likely  to  be 
an  hydrated  copper  sulfate  (O1SO4  5H20) .  The  values 
of  the  electric  field  across  the  barrier  layer  (C  * 
1.1-10®  V/om),  its  thickness  for  the  range  of 

experimental  conditions  involved  (30  A  <  1  <  500  A) 
and  the  pre-exponential  factor  for  high  field 
conduction  (i0  *  9.5  mA/cm2)  vere  also  determined 
and  are  in  agreement  vith  those  reported  in  the 
literature  (2,3). 

*  An  other  set  of  experiments  carried  out  in 
absence  of  BTA  indicates  that  on  the  current 
plateau,  as  for  niokel  dissolution  in  concentrated 
chloride  solution  (4),  the  metal  electrode  is 
covered  with  a  dual  surface  film  and  that  the 

dissolution  rate  is  controlled  by  the  diffusion  of 
the  corrosion  products  from  the  surface  of  the 
electrode  into  the  bulk  of  the  solution.  The 

analysis  of  the  high  frequency  part  of  the 
impedance  spectra  shovs  that  the  barrier  layer  is 
also  a  good  eleotronio  insulator  of  stoichiometric 
composition  through  vhioh  metallic  ions  transfer 
under  high  field  conduction.  The  lover  value  of  the 
jump  distanoe  (as  3.5  A)  and  the  higher  value  of 
the  pre-exponential  factor  (i0  »  50  mA/om2)  indi¬ 
cate  that  the  barrier  layer  has  a  chemical 
composition  different  from  that  prevailing  in  pres- 


snoe  of  BTA  and  ie  likely  to  be  a  leaa  hydrated 
form  of  copper  sulfate. 
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Solid  electrode  surfaces  are  principally 
inhomogeneous  due  to  their  crystallographic 
and  morphological  surface  structure  inclu¬ 
ding  different  kinds  of  crystal  imperfec¬ 
tions  which  may  act  as  active  sites  for 
electrochemical  phase  boundary  reactions. 
Additionally,  sorption  effects  and  the  for¬ 
mation  of  surface  layers  leads  to  partial 
blockage  effects. 

Consequently,  corrosion  processes  are  also 
strongly  influenced  by  surface  inhomoge¬ 
neities  of  different  dimensions.  EIS  was 
found  to  be  a  powerful  in-situ  method  in 
order  to  characterize  the  influences  of 
surface  inhomogeneities  on  various  elec¬ 
tron  and  ion  charge  transfer  processes.  The 
paper  is  dealing  with  the  influences  of  2-D 
and  3-D  surface  inhomgeneit ies  on  different 
metal  corrosion  processes  and  interface  and 
interphase  corrosion  inhibition. 
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A  new  technique  for  examination  of  the 
electrochemical  behaviour  of  freshly 
generated  metal  surfaces  in  aqueous 
electrolyte  solutions  is  presented.  The 
technique  employs  a  microelectrode  mounted 
on  insulating  polymer  such  that  only  the 
end-surface  of  the  electrode  is  exposed  to 
the  electrolyte.  A  specially  designed 
chisel  is  then  used  to  shear  the  entire 
electrode  surface.  The  chisel  is 
constructed  as  a  steel  shank  with  a  cutting 
blade  made  of  boron  nitride.  Above  the 
boron  nitride  blade,  a  hole  machined  into 
the  steel  shank  is  positioned  such  that  when 
the  blade  comes  to  rest  at  the  end  of  its 
travel  the  hole  lies  directly  over  the  new 
metal  surface,  allowing  the  Luggin  probe  to 
"see"  it.  The  chisel  itself  is 
spring-loaded  and  is  driven  with  a  cutting 
speed  of  ca.  3m  s~  ,  allowing  a  1mm  dia 
specimen  to  be  cut  in  ca .  1ms.  Data  are 
collected  digitally  in  a  fast  transient 
recorder  which  is  triggered  by  passage  of 
the  chisel  unit,  before  transference  to 
computer  for  processing. 

The  technique  is  complementary  to  the 
scratched  rotating  disc  electrode  from  which 
it  is  distinguished  by  two  important 
features.  First,  the  electrode  is 
stationary,  convection  being  introduced  only 
in  the  early  stages  by  passage  of  the 
chisel.  Second,  the  electrode  surface  is 
renewed  in  its  entirety,  permitting  accurate 
measure  of  potential  transients  either  in 
open  circuit  or  under  galvanostatically 
applied  current. 

Data  are  presented  describing  the 
electrochemical  behaviour  of  freshly 
generated  aluminium  surfaces  in  aqueous 
solutions.  Potential  transients  were 
measured  at  open  circuit  and  under 
galvanostat icaily  applied  current,  both 
anodic  and  cathodic.  In  neutral  solution 
the  corrosion  potential  of  the  new  metal 
surface  is  initially  very  negative.  The 
potential  then  rises  linearly  in  log  t,  a 
phenomenon  describing  grow*  n  of  the  oxide 
film  driven  by  the  local  -  ..thodic  reduction 
of  water  and  dissolved  oxygen.  The  reaction 
is  approximately  independent  of  ♦‘he  neutral 
solution  composition  althouqh  in  tap-water 
an  increase  in  the  rate  of  repassivation  at 
longer  times  is  ascribed  tvj  the  effects  of 
small  concentrations  of  bicarbonate. 

Under  externally  applied  anodic  current  a 
linear  rise  of  F.  with  log  f  similar  *o  that- 
seen  in  open  circuit  is  observed  in  the 
initial  stages  of  oxide  film  growth.  A*  a 
•  'articular  value  of  E,  however,  the  rate  of 
rise  of  E  with  t.  is  accelerated,  the 
parameters  controlling  this  accelerat ion 
being  dependent  on  the  applied  anodi1" 


current.  These  data  are  used  to  establish 
the  local  self -corrosion  current  density  as 
a  function  of  potential  and  time  during 
repassivation . 

In  neutral  chloride  solutions  under  anodic 
polarisation  the  nucleation  of  stable 
pitting  is  marked  by  a  sudden  arrest  in  the 
rising  potential,  the  characteristics  of 
which  depend  on  the  chloride  concentration 
and  the  applied  current  density.  Following 
this  event,  the  potential  does  not  rise 
further,  save  for  the  superimposed  noise. 
Similar  experiments  performed  in  an 
anodising  bath  (ammonium  borate)  show  that  a 
similar  event  occurs  after  a  period  of 
passive  film  growth.  The  event  is  succeeded 
however,  by  a  further  steady  rise  in 
potential,  but  at  a  far  slower  rate.  These 
observations  are  attributed  to  nucleation 
and  growth  of  the  classical  porous  overlayer 
on  top  of  the  passive  oxide  film.  The  data 
demonstrate  that  the  nucleation  of  pits  in 
chloride  solution,  and  the  nucleation  of 
pores  in  anodising  solution  are  events  of 
similar  origin. 

Some  data  describing  the  cathodic  behaviour 
of  freshly  generated  aluminium  surfaces  are 
also  presented.  They  show  that  even  under 
fairly  high  cathodic  current  densities 
nucleation  and  growth  of  the  oxide  film 
dominates  the  process  initially.  The 
potential  then  falls  as  the  increasing 
electronic  resistance  of  the  growing  oxide 
film  imparts  higher  overpotent ial  to  the 
cathodic  process. 
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IN  SITU  FRACTURE  TECHNIQUES  FOR  STUDYING 
TRANSIENT  REACTIONS  WITH  BARE  STEEL  SURFACES* 


R.  P.  Wei 

Lehigh  University, 
Bethlehem,  PA  18015 
and 

A.  Alavi 

Sherwin-Williams  Company 
Chicago,  IL  60628 


To  assist  in  the  understanding  of  environmentally 
assisted  crack  growth  in  aqueous  environments,  in  situ 
fracture  techniques  have  been  developed  to  study  the 
transient  reactions  of  bare  steel  surfaces  with  the 
electrolyte.  In  this  paper,  the  measurement  tech¬ 
niques  and  test  results  will  be  described  and  dis¬ 
cussed  in  relation  to  crack  growth  response  in  steels. 

The  techniques  utilized  a  specially  designed 
electrocnemical  (corrosion)  cell.  Fig.  1,  and  the  bare 
surfaces  were  produced  by  in  situ  fracture  of  a 
notched  round  (5mm  notch  diameter)  tensile  specimen 
[1].  The  specimen  was  coated  with  lacquer  and  was 
further  isolated  with  shrink  tubing  so  that  only  the 
fracture  (bare)  surfaces  (with  a  total  nominal  area  of 
0.4  cm2  for  the  two  halves)  would  be  exposed  to  the 
electrolyte  during  measurement.  Each  of  the  measure¬ 
ment  techniques  utilized  a  variant  of  the  cell  shown 
in  Fig.  1  to  represent  the  conventional  3“electrode 
cell,  and  a  3-electrode  and  a  4-eiectrode  analogue  of 
the  local  electrochemical  cell  at  a  crack  tip.  The 
measurements  provided  information  on  the  reaction 
kinetics,  and  furnished  insight  on  the  crack  tip  con¬ 
ditions  and  crack  growth  response. 

The  conventional  cell  configuration  was  used  for 
basic  studies  (e.g.,  the  influences  of  potential  and 
pH'  on  bare  surface  reactions  under  potentiostatic 
control.  In  this  variant,  the  four  round  rods 
(Fig.  1)  were  replaced  by  a  cylindrical  platinum  coun¬ 
ter  electrode,  and  a  saturated  calomel  electrode  (3CE) 
was  used  as  the  reference  electrode,  with  the  tip  of 
the  connecting  luggin  probe  placed  near  the  specimen 
notch.  The  current  transient  following  specimen  frac¬ 
ture  was  recorded  digitally  by  a  high  speed  data 
acquisition  system. 

The  cell  (Fig.  i)  was  originally  conceived  as  an 
analogue  for  the  crack  tip,  and  was  designed  for 
measuring  the  equilibration  galvanic  current  'or 
charge  transfer)  between  the  bare  crack  tip  surfaces 
and  the  "oxidized”  or  filmed  crack  flank  under  free 
corrosion  [ 1 ].  The  crack-tip  surfaces  were  simulated 
by  in  situ  fracture  of  the  notched  tens  11**  specimen, 
and  the  crack  flank  by  the  "oxidized"  rods  of  the  sam® 
material.  The  Luggin  prob°  was  included  to  monitor 
the  mixed  (cell'  potential.  The  amount  of  charge 
transferred  during  the  reactions  with  the  fractur--* 
surfaces  was  obtained  by  numerical  integration  of  t v 
current  transients,  and  was  used  to  demonstrate 
tro''r.em  leal  v  act  ion  control  of  ion  fatigue 

srjwth  :n  nigh  strength  st 

Fur  "rc«  growth  under  external  potent  1  os*  at  i  •' 
it  was  recognized  triut  tv  •>»»*.» 
suffices  at  the  occluied  ?rat  v  tip  and  f.ne  "uxilized” 


at**-;  *  -<)d*-  system.  This  compos^**  ; 'a 


Fig.  2.  A  zero-resistance  ammeter  (ZRA)  was  used  in 
each  branch  to  measure  the  current  flow,  and  an  auxil¬ 
iary  reference  electrode  was  included  to  measure  the 
mixed  potential  within  the  corrosion  cell. 

Measurements  have  been  made  on  low  alloy  and 
austenitic  stainless  steels,  and  have  been  correlated 
with  corrosion  fatigue  crack  growth  data.  This  corre¬ 
lation  demonstrated  electrochemical  reaction  control 
of  corrosion  fatigue  crack  growth,  and  suggested  that 
the  temperature  and  frequency  dependence  for  fatigue 
crack  growth  rate  could  be  predicted  directly  from  the 
electrochemical  reaction  data  for  bare  steel  surfaces. 
A  similar  correlation  has  been  established  for  stress 
corrosion  crack  growth.  The  reactions  of  interest  are 
localized  at  the  crack  tip,  and  are  those  that  bring 
the  newly  created  surfaces  into  equilibration  with 
the  "oxidized"  crack  flanks.  Because  o;  IR  drop  along 
the  crack,  the  mixed  potential  in  the  "local"  cell 
tended  to  remain  close  to  the  free  corrosion  poten¬ 
tial.  Specific  results  will  be  used  for  illustration, 
and  the  implications  of  these  i-eohninues  and  findings 
on  future  research  in  stress  corrosion  and  corrosion 
fatigue  will  be  discussed. 

(*Work  supported  in  part  by  the  Office  f  Basic  Energy 
Sciences,  Department  of  Energy,  under  Grant  No.  DE- 
FG02-84ER45138''. 

1.  A.  Alavi.  C.  D.  Miller  and  R.  P.  Wei,  Corrosion, 
Vol.  43,  No.  4,  pp.  20  4-207  M987). 

?.  R.  P.  Wei  and  A.  Alavi,  "A  4-electrode  analogue 
for  measuring  electrochemical  reactions  with  bare 
metal  surfaces  a-  the  crack  tip".  Scripts  Metal¬ 
lurgies,  submitted  for  publication 
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The  Influence  of  Surface  Capacitance  on  the 
Measurements  of  Localized  Corrosion  Transients 


H.  S.  Isaacs  and  A.  J.  Davenport 
Department  of  Applied  Science 
Brookhaven  National  Laboratory 
Upton,  NY  11973 


The  difficulty  of  measuring  the  early  stages  of 
localized  corrosion  transients  during  pit  growth, 
the  repeated  step  growth  in  stress  corrosion 
cracking  or  scratching,  arises  from  the  charging  of 
the  capacitance  of  the  passive  surface  surrounding 
the  actively  corroding  area.  The  charging  of  the 
surface  delays  the  transmission  of  the  potential 
during  open  circuit  measurements  or  the  current 
response  of  the  potentiostat  when  under  potential 
control . 

The  effect  of  surface  capacitance  on  the  flow 
of  current  has  been  presented  by  Newman  [l].  At 
high  frequencies  (or  short  times)  the  low  effective 
Interfacial  impedance  makes  electrodes  behave  as 
equipotential  surfaces  with  very  high  current  densi¬ 
ties  at  the  edges.  Oltra  and  Keddam  (2]  have  dis¬ 
cussed  the  measurement  of  impedance  of  capacitative 
surfaces  with  active  pitting,  and  the  distribution 
of  current  to  surfaces  with  localized  corrosion 
taking  place  [3).  The  capacitance  of  the  surface 
was  also  found  to  dominate  potential  transients  when 
pits  grew  for  a  few  seconds  (4], 

The  measurement  of  the  kinetics  of  the  early 
stages  of  pitting  corrosion  Is  an  important  aspect 
of  the  understanding  of  the  processes  controlling 
the  development  of  pits.  Two  approaches  have  been 
used  to  separate  the  contributions  of  the  surface 
impedance  to  the  observed  transients.  The  first  was 
the  measurement  of  signal  transmission  along  metal 
surfaces.  The  second  was  a  computer  simulation  of 
the  processes. 

The  measurement  of  signal  transmission  was  made 
with  wire  electrodes  under  potentlostatic  control. 

An  Alloy  600  wire  was  supported  in  a  tubular  cell 
with  the  tip  of  one  reference  electrode  positioned 
at  various  distances  along  the  wire.  A  second 
reference  electrode  and  an  exposed  wire  tip  auxil¬ 
iary  electrode  were  placed  at  a  fixed  position  close 
together  near  one  end  of  the  wire.  These  electrodes 
were  used  to  produce  a  local  single  rectangular 
potential  transient  on  the  wire  and  the  second 
reference  electrode  was  used  to  monitor  the  propa¬ 
gating  pulse  along  the  wire. 

The  rate  of  propagation  can  be  simply  approxi¬ 
mated  by  the  product  of  the  solution  resistance  and 
capacity  of  the  metal  surface.  The  reciprocal  of 
this  product  Is  equivalent  to  a  diffusion  eoeffi- 
'mt  of  the  order  of  magnitude  of  10^  cm^/s.  The 
results  have  indicated  that  it  should  be  possible  to 
determine  the  position  of  pit  initiation  sites  from 
time  of  arrival  of  transients  at  reference  elec¬ 
trodes  positioned  at  known  locations  over  metal 
surfaces . 

simulation  of  cell  geometries  under  potentio- 
statle  control  and  metal  surfaces  with  defined 
interfacial  processes  have  been  carried  out  to 
analyze  the  charging  transients.  The  simulations 
have  shown  the  importance  of  the  positioning  of  both 
the  reference  and  counter  electrodes  on  the  observed 
transients  occurring  over  a  short  time  period. 


4.  H.  S.  Isaacs  and  Y.  Ishikawa,  J.  Electrochem. 
Soc.  132  1288  (1985). 
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Measurement  of  Passive  Film  Growth  Kinetics  on 
Bare  Surface  Niobium  Band  Microelectrodes 


A.  J.  Davenport  and  H.  S.  Isaacs 
Department  of  Applied  Science 
Brookhaven  National  Laboratory 
Upton,  NY  11973 


Microelectrodes  have  a  number  of  advantages 
over  electrodes  of  conventional  size.  These  include 
a  reduction  In  ohmic  (IR)  drop  in  the  solution  and 
an  increase  In  mass  transport  rates  to  and  from  the 
electrode  surface  ( 1 3 .  As  a  result,  microelectrodes 
have  been  increasingly  used  in  areas  such  as  high 
speed  cyclic  voltammetry  ( 2 1  and  in  corrosion 
studies  (3,4). 

Measurement  of  the  growth  kinetics  of  passive 
oxide  films  is  often  carried  out  by  potentiostatic 
pulsing  of  cathodically  reduced  surfaces.  In  such 
experiments  it  Is  not  certain  that  the  entire  oxide 
film  is  reduced  and,  particularly  with  base  metals, 
there  Is  the  attendant  risk  of  charging  the  surface 
with  hydrogen.  Such  effects  may  be  avoided  by 
mechanical  creation  of  a  bare  metal  surface  by 
scratching  or  breaking  the  electrode.  However,  it 
has  been  shown  that  the  repassivation  kinetics 
recorded  using  either  method  are  significantly 
affected  by  the  IR  drop  in  the  solution  [5].  Fur¬ 
thermore,  a  current  transient  flowing  from  a  scratch 
in  an  otherwise  passive  electrode  may  be  affected  by 
the  capacitance  of  the  surrounding  oxide  film  (6]. 
All  these  problems  may  be  overcome  by  the  situ 
creation  of  a  bare  metal  surface  by  fracture  of  a 
microelectrode . 

The  formation  of  band  microelectrodes  by 
exposing  the  edge  of  a  thin  metal  film  sputter- 
deposited  onto  an  insulating  substrate  has  been 
described  by  Wehmeyer  et  al.  (7J.  In  this  study, 
a  film  of  niobium  -4000  X  thick  was  sputtered  onto  a 
glass  cover  slide  and  a  second  glass  cover  slide  was 
stuck  to  the  surface  of  the  film  with  an  epoxy 
adhesive  leaving  one  end  of  the  film  exposed  to 
allow  electrical  connection.  In  order  to  prepare 
the  composite  for  fracture,  both  the  top  and  bottom 
glass  slides  were  scored  directly  opposite  each 
other,  with  a  diamond  3tylus.  The  scored  part  of 
the  electrode  was  immersed  in  the  solution  and 
placed  under  potentiostatic  control.  The  composite 
was  then  fractured  along  the  scored  lines  by  impact, 
exposing  a  bare  metal  band  micro** lec trode  ^2  cm  in 
length  and  a  width  equal  to  the  thickness  of  the 
sputtered  film  (^4000  X).  The  bare  surface  oxidizes 
rapidly:  the  resulting  current  transient  was  cap¬ 

tured  on  a  high  speed  transient  digitizer.  Fig.  I 
shows  the  decay  of  a  typical  current  transient 
plotted  on  logarithmic  scales.  The  lower  part  of 
the  decay  shows  a  very  shallow  curve  with  an 
approximate  gradient  of  -0.8,  consistent  with  film 
growth  by  Cabrera-Mott  high  field  kinetics  I  5). 

At  higher  current  densities,  greater  curvature  is 
found  which  is  affected  by  the  IR  drop  in  the 
electrolyte  C 5 1 . 

The  solution  resistance  to  such  an  electrode 
may  be  calculated  using  the  equation  of  Pearson 
et  al  .  [81 


2  ffob  a 


where  *  Is  the  solution  conductivity  and  a  and  b 
are  the  half  width  and  half  length  of  the  electrode. 


Using  values  of  a=2000  X  and  b-1  cm  and 

c-0.328  ft"*-  cm"*-  ( 1M  H2SO4)  ,  the  resistance  is  found 

to  be  ~5  0.  At  the  highest  current  recorded, 

—iO"^  X,  the  IR  drop  is  thus  0.5  mV.  Below  1-10"^  A 
with  the  corresponding  IR  drop  of  50  uV ,  the  effec‘ 
of  ohmic  resistance  is  negligible.  Neglecting  any 
surface  roughness,  the  electrode  area  is  '-lO-^  cm^ 
so  a  current  density  of  10"^  A  corresponds  to  a 
current  d^.r.sity  of  ICO  mA  cm-^. 

Thus,  the  microelectrode  technique  offers  a 
method  of  studying  the  electrochemical  reactions 
occurring  at  bare  metal  surfaces  at  much  shorter 
times  and  higher  current  densities  with  lower  IR 
drop  than  those  attainable  with  other  techniques. 
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Fig.  1.  Decay  of  a  current  transient  measure.!  on  a 
bare  niobium  ml  croe  lec  t  rode  in  1*1  at  l.DViSCEl 
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Abstract  No.  168 

I  AST  (OMFUITR  SUPPORTED  PULSE  MEASDREMI  N  IS  (>l 
IONIC  PROCESSES  IN  OXIDE  FILMS 
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In  order  to  analyse  the  problems  of  the  passive  layer  formation 
detailed  knowledge  of  charge  transfer  and  charge  distribution  is 
necessary.  Methods  were  developed  to  measure  the  transient'!  of 
layer  formation  far  from  the  state  of  equilibrium  and  to  studs  the 
semiconducting  properties,  charge  distribution  and  kinetics  of 
ionic  movement./ 1 -4/ 

Computer  supported  potentiostatic  equipment  realize*  the  synthesis 
of  fast  complex  pulses  and  the  records  of  current  and  charge 
transients  up  to  If)1 II  seconds  with  a  resolution  of  0._  us  Cut  rents 
are  registered  from  0.1  ;iA/cm*  to  10  A/cm*  by  an  autoranging 
amplifier  with  a  response  time  of  I  /is. 

I  wo  t\  pr«  of  transient  measurements  were  carried  out  wh-ie  the 
formation  of  the  oxide  film  on  aluminum  was  in\cstigated  as  an 
example 

I  ip  I  shows  ihc  pulse  programme  and  the  change  in  thick  iw*  i-.i 
the  li,  ,i  type  I  he  appropriate  current  response  is  shown  in  I  u»  1 
Common  models  of  high  field  mechanism  of  oxide  growth  an* 
confirmed  for  longer  times  (>ls)  and  different  thicknesses  of  the 
oxide  at  a  constant  field  strength.  For  shorter  times  an  inductive 
period  for  oxide  growth  could  be  seen  which  depends  on  the 
thickness  of  the  film  I  his  correlates  with  an  injection  of  ions  into 
the  oxide  layer  which  is  free  of  charge  carriers  at  the  beginning 

I  ig  1  shows  the  investigations  we  carried  out  with  the  use  of 
short  staircase  pulses  on  the  potential  dependence  of  l:r\-i 
formation  of  insrarionarv  oxide  films  with  negligible  distortion  of 
the  Inver  I  very  stair  complex  represents  an  Igi  r  measurement 
under  almost  constant  laser  properties  (change  in  thickness  <»|"v  i 
I  ach  Men  of  the  stairca'-e  pulses  must  not  be  longer  than  ROD  // s  to 
avoid  ton  much  oxide  growth  On  the  other  hand  a  step  In-  i< 
loop  enough  to  obtain  the  Faraday  current  after  reloading  th- 
double  laser  capacity 

I  he  ac  ■uraev  of  th**  described  method  vs  confirmed  h\  ib»- 
"MunM  Infel  diagrams  which  show  a  linear  I p ■  *  retail*  o-  lop 
•o,d  rhe  x p-c |e,|  decreasing  slope  with  increasing  thick  nr-- 
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l  ie  I  Potential  ■  time  -  diagram  and  corresponding  thi 
of  the  oxide  film  for  anodic  current  transients 
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ELECTROCH0CCAL  TRANSIENT  RESPONSES 
AFTER  A  CONTROLLED  DEPASSIVATION 

R.OLTRA,  G.M.  INDRIANJAFY,  M. REDD AM* 

UA  23  CNRS,  University  de  Bourgogne,  21004  DIJON 
FRANCE 

-LP  15  CNRS,  Universite  PARIS  VI,  75232  PARIS  FRANCE 
Purpose  : 

The  aim  of  this  paper  is  to  discuss  the  application 
of  the  transient  electrochemical  measurement  for 
assessing  the  repassivation  kinetics.  From  previous 
studies  it  was  concluded  that  the  measured  current 
during  the  repassivation  of  a  reduced  area  of  fresh 
metal,  is  under  the  control  of  electrical  parameters 
depending  on  the  geometry  of  the  electrochemical 
cell,  Fig.1  (1). 

An  equivalent  electrical  circuit  has  been  proposed  to 
describe  the  electrical  response  during  a  local 
depassivation  under  potentiostatic  regime  (1). 

From  the  following  experiments  the  role  of  the 
surrounding  surface  has  been  more  precisely  explained 
and  the  actual  steps  of  the  repassivation  process 
have  been  tentatively  defined. 

Experimental  : 

Experimental  transient  measurements  have  been 
performed  on  the  "disk-ring"  electrode  in  order  to 
look  for  the  interaction  which  could  also  exist 
between  the  depassivated  disk  and  the  passive  ring. 
Using  the  Laser  depassivation  technique  it  is 
possible  to  depassivate  a  passive  disk,  embedded  or 
:tul,  in  a  passive  ring  of  the  same  metal.  Measurement 
of  the  current  transients  for  the  disk  and  the  ring 
is  achieved  by  means  of  zero-impedance  current 
voltage  converters  as  shown  in  Fig. 2  allowing  to 
separate  the  coupling  transient  currents  from  the 
current  flowing  through  the  potentiostat  loop. 

Results  : 

i)The  electrical  coupling  model  described  in  (1)  has 
oee..  improved  by  the  simultaneous  measurement  of  all 
the  currents  involved  in  the  dual  electrode,  as  shown 
in  Fig. 3 

iDAssuming  an  electrical  equivalent  circuit,  the 
calculated  transient  responses  due  to  the  fast 
connection  of  the  impedance  of  the  depassivated  area 
to  the  impedance  of  the  passive  surface  one,  allows 
one  to  explain  the  electrical  coupling  shown  in 
Fig. 3.  Nevertheless  the  controlling  parameter  which 
remains  unclear  is  the  imposed  potential  which  must 
be  ascribed  to  a  zero-potential. 

The  role  of  the  surrounding  passive  surface  can  be 
compared  to  a  low-pass  filter  one.  Indeed  the  charge 
involved  in  the  repassivation  of  the  disk  can  be 
■  impared  t.<">  the  charge  measured  with  the  the  current 
transient  in  the  potentiostatic  loop  (table  1). 

Hi /The  initial  peak  of  current  transient  measured  on 
the  disk  alone  remains  to  be  dependent  on  the  size  of 
the  electrode  even  if  a  gf?neral  de>  assi  vation  can  be 
assumed  (Fig. 4).  This  Latter  has  h  ,«n  related  to  the 
ohmic  drop,  so  then  a  kind  of  polarisation  curve  can 
be  plotted  after  the  correction  of  the  ohmic  drop 
assuming  the  Newman's  formula  for  the  electrolyte 
resistance  associated  to  the  disk.  As  shown  in  Fig./, 
t.v  initial  peak  current.  density  is  linear  with 
;•  t"r.tial.  Tic-  exirten.:**  -if  the  resistance  Hi,  i.‘*. 
*  ?>•  d  p"  f  the  lire-,  at  the  time  >f  the  peak 
•jrren*  l.-nr  i  ty  remains  unexplained.  in  the  other 
r.nr.  J  zero  -urrer.*  intercept  to* *-n*  ia] ,  Ve,  '•unn'*! 

reached  for  iron  ir;  tie-  t-rt  .•.iu’i  m  .-wing  to  tie- 
a  ■  •  -  vn*  i  -r.  f  *h-  surface.  W./tk  is  in  pr  gr<»rs  t 
■;  ..rtf  are  the  i>r.av;.r  f  passiv-.-  r  ir.  stainless 

.  .  ”•  v*srth»- 1  it  -an  r.. 1  tha*  such 


Conclusions  : 

The  main  feature  of  the  coupling  of  a  small 
depassivated  surface  in  a  large  surrounding  passive 
surface  is  an  electrical  coupling  which  depends  on 
the  value  of  the  potential  of  the  passive  surface 
related  to  the  zero-intercept  potential,  Vc. 

At  very  short  times,  the  presence  of  the  resistance 
Ri,  allows  to  assume  the  first  step  of  the 
repassivation  process  related  to  adsorption 
phenomena.  Whereas  at  longer  time  the  independence  of 
the  charge  as  function  of  the  coupling  effect  seems 
to  demonstrate  that  a  second  step  is  related  to 
faradaic  processes.  For  1 ron  in  HCIO4  pH=1,  the 
charge  density  for  repas,'ivation  corresponds  to 
approximately  a  monolayer  of  Ferrous  species  (3). 
Unfortunately  it  seems  very  difficult  to  define  the 
time  constant  related  to  this  second  electrochemical 
step  from  transient  measurement. 
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Table  1-  Electrical  charge  involved  in  the 
repassivation  of  iron  in  HSLO.  pR-' 
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The  use  of  a  quartz  crystal  for  measuring  small 
mass  changes  (of  the  order  of  10“^  g)  is  relatively 
ancient  in  vacuum  or  at  atmopsheric  pressure.  The  prin¬ 
ciple  of  this  quartz  microbalance  is  based  on  the 
property  of  the  resonance  frequency  of  a  quartz  crystal 
to  vary  in  a  proportional  way  for  small  changes  of  the 
mass  of  a  foreig’  substance  deposited  on  one  of  its 
sides.  Hence  by  measuring  the  change  of  the  frequency  of 
an  oscillator,  where  the  quartz  is  inserted,  the  change 
of  the  mass  can  be  detected  and  evaluated  (1-2).  It 
seems  that  the  first  application  of  this  technique  to 
an  electrolytic  medium  have  been  done  by  T.  NOMURA  (3) 
in  1981  for  analytical  purposes.  A  few  years  later  and 
practically  at  the  same  time  S.  BRUCKENSTEIN  (4)  and 
K.K.  KANAZAWA  (5)  have  used  this  technique  for  electro¬ 
chemical  kinetics  studies.  Since,  some  applications 
have  been  proposed  in  the  field  of  corrosion  science 
(6). 

So  far  all  the  results  have  been  obtained  by 
quasi  steady-state  techniques  :  the  variation  of  the 
quartz  resonance  frequency,  i.e.  the  mass  variation 
has  been  recorded  under  experimental  condition  changes. 
In  this  paper  it  will  be  shown  how  the  same  principle 
can  be  used  in  order  to  obtain  dynamic  informations 
about  the  mass  changes.  A  sinusoidal  perturbation  of 
the  electrolysis  current  which  flows  through  the  elec¬ 
trode  allows  the  classical  impedance  and  a  new  mass- 
voltage  transfer  function  to  be  simultaneously  measu¬ 
red  (7). 

First  of  all  copper  is  electrochemically  deposited 
in  sulfate  medium  (CUSO4  0.5  M  +  H2SO4  0.5  M)  on  one 
of  the  electrode  of  a  quartz  crystal  resonator  which 
is  called  the  working  crystal.  The  latter  is  inserted 
in  an  oscillator  which  has  to  be  tuned  in  order  that 
it  oscillates  even  when  the  crystal  resonator  is 
strongly  damped  by  the  electrolytic  solution.  The  pro¬ 
cessing  of  the  oscillating  signal  during  the  dissolu¬ 
tion  of  copper  in  the  same  solution  gives  the  change 
of  the  resonance  frequency  of  the  working  crystal  and 
hence  the  decrease  of  the  mass  of  copper  deposited  on 
the  quartz  electrode.  The  modulation  of  the  resonance 
frequency  Af  related  to  the  sinusoidal  perturbation  of 
the  current  Al  about  the  steady-state  pola.” zation 
current  lo  is  analyzed  by  means  of  a  transfei  function 
analyzer  (Solartron-Schlumberger  1254)  in  order  to 
obtain  the  mass-voltage  transfer  function  by  means  of 
Af/AE.  This  arrangement  allows  the  classical  impedance 
(AE/Al)  to  be  obtained  at  the  same  time  (Fig.  1). 

In  Fig.  2  and  3  are  given  the  impedance  and  the 
mass-voltage  transfer  function  at  I0  =  200  uA  during 
copper  dissolution  at  ambient  temperature. 

In  Fig.  4  the  theoretical  mass-voltage  transfer 
function  is  given  for  a  metal  dissolution  in  two 
steps  : 


Me*  .  -  Me++  +  e 

ads 

There  is  a  good  agreement  with  the  experimental 
results  concerning  the  general  trends  of  the  mass  vol¬ 
tage  transfer  function. 


References 

(1)  C.  LU  and  A.W.  CZANDERNA 

Ed.  of  Applications  of  piezoelectric  quartz  crystal 
microbalances.  Methods  and  phenomena  Vo 1 .  7. 
Elsevier,  Amsterdam  1984. 

(2)  G.  5AVERBREY 

Z.  Phys.,  V55*  p.  206  (1955). 

(3)  T.  NOMURA  and  M.  I I J IMA 

Anal.  Chim.  Acta,  131 ,  p.  97  (1981). 

(4)  S.  BRUCKENSTEIN  and  M.  SHAY 

J.  Electroanal.  Chem.,  188,  p.  131  (1985). 

(5)  J.H.  KAUFMAN,  K.K.  KANAZAWA  and  G.B.  STREET 
Phys.  Rev.  Letters,  53,  p.  2461  (1984). 

(6)  H.E.  HAGER,  R.D.  RUEDISUELI  and  M.E,  BUEHLER 
Corrosion,  42,  p.  345  (1986). 

(7)  S.  BOURKANE 

Th&se,  Paris  (to  be  submitted). 


Fig.  1  :  Experiment  arrangement  used  for  the 
measurement  of  the  mass  voltage  transfer  function 
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Fig.  ?  :  Electrochemical  impedance  measured  during 

tTi’e  dissolution  of  copper  in 

H^SO^  0.5M  *  CuSO^  0.5M  medium  at  200  uA. 
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INTRODUCTION 

The  rate  of  atmospheric  corrosion  can  be  monitored 
by  electrochemical  cells  in  which  to  identical  or  diffe¬ 
rent  materials  are  coupled  in  a  flush  edge-by-edge 
arrangement.  The  electrolytic  medium  is  constituted  by 
a  thin  layer  of  condensed  water  in  which  atmospheric 
pollutants  and  corrosion  products  are  dissolved.  Corro¬ 
sion  rate  is  estimated  from  the  short-circui t  current 
supplied  by  the  cell,  it  depends  strongly  upon  the 
ambient  hygrometry.  However  mechanistic  informations 
can  only  be  gained  from  more  elaborated  experiments  : 
d.c.  and  preferably  a.c.  polarisation  measurements.  The 
goal  of  the  present  work  was  to  investigate  the  appli¬ 
cability  of  a.c.  impedance  to  an  atmospheric  corrosion 
cell  simulating  a  scratch  on  a  coated  +  galvanized 
steel  during  a  climatic  test.  Previous  attempt  to  asso¬ 
ciate  a.c.  techniques  to  atmospheric  corrosion  was 
limited  to  resistance  measurements  (1). 

EXPERIMENTAL 

-  Principle  :  Fig.  1  depicts  the  principle  of  the  in- 
si  tu  electrochemical  sample.  The  zinc  coating  is  elec¬ 
trically  insulated  from  the  steel  substrate  by  making 

a  sandwich  structure.  Two  types  of  sample  were  prepared 
by  : 

-  gluing  two  thin  foils  of  Zn  (Good-Fellow  Ltd.) 
on  the  steel  back  ground  (e  =  50  pm,  d  =  30  pm), 

-  thin  layer  technology  :  R.F.  sputtering  of  1  pm 
AT 2O3  +  3  pm  SiO?  +  1  pm  Cermet  (Si O2  +  90*  Fe) 

(d  =  5  pm).  Then  e  =  10  pm  of  Zn  is  electrodeposited. 

Both  types  of  sample  are  finally  coated  with 
h  =  13  pm  of  cataphoretic  paint.  Thin  layer  samples 
are  grooved  by  laser  beam  machining  to  simulate  the 
scratch.  The  former  type  of  sample  allows  to  probe  the 
potential  of  the  scratch  bottom  by  introducing  thin 
platinum  wires  across  the  steel  sheet. 

-  Polarization  and  measuring  set-up  : 

d.c.  :  Short  circuit  conditionsprevail ing  at  real 
life  operation  are  reproduced  by  closing  the  cell  loop 
on  a  current  follower  (zero  impedance  current  to  vol¬ 
tage  converter) .  tpen  circuit  potential  is  measured 
with  vol tage  fol lower. 

a.c.  :  Figure  2  shows  the  equipment  used  for  impe¬ 
dance  measurements  under  short-circuit  (potentiostated 
E  =  0  between  cell  terminals).  A  2-electrode  or  3- 
electrode  configuration  was  used  according  to  the  sam¬ 
ple  investigated.  The  3-electrode  set-up  alloweu  to 
separate  the  contribution  of  Zn  and  Steel  half-cells 
in  tne  overall  response. 

RESULTS 


electrochemical  and  environmental  parameters.  A  salient 
feature  is  the  decay  of  Is.c.  from  cycle  to  cycle 
attesting  the  progressive  loss  of  protection  by  the 
sacrificial  Zn  layer  (2). 

Figure  4  shows  a  set  of  3  complex  impedance  plots. 
It  is  verified  as  a  self-consistency  criterium  that  W 
is  the  sum  of  individual  impedance  Zn  and  St.  The  Pt 
probe  is  a  satisfactory  a.c.  reference  down  to  0.1  Hz. 
The  informationsmade  available  are  : 

-  In  the  HF  range  :  The  ohmic  resistance  of  the  corro- 
sion  products  in  the  scratch  which  plays  the  role  of 
electrolyte  by  bridging  Zn  to  Steel. 

-  In  the  MF  and  LF  ranges  :  Electrochemical  polarisa- 
tion  apparently  due  to  mass  transfer  effects  are 
prevailing.  Both  contributions  to  the  cell  impedance 
depend  dramatically  on  temperature  T  and  relative 
humidity  RH.  But  at  al 1  T  and  RR" values  ohmic  contribu¬ 
tion  to  the  cell  behaviour  remains  small. 

The  influence  of  potential  distribution  within  the 
cell  has  been  investigated  with  the  3-electrode  set-up. 
Figure  5  shows  the  impedance  of  the  Steel  electrode 
under  various  T  and  RH  conditions.  The  phase  rotation 
in  excess  cf  90:  has  been  recently  proved  to  appear 
when  in  a  pore  or  transmission  line  model  the  potential 
reference  is  located  at  the  extremity  opposite  to  the 
current  entry  (3).  The  higher  the  resistance  of  the 
corrosion  products  (low  T,  low  RH),  the  larger  this 
distribution  effect.  This  allowed  to  ascribe  the  fre¬ 
quency  dependence  at  lower  frequency  essentially  to 
transport  phenomena. 

It  is  concluded  that  the  impedance  of  the  Zn  half¬ 
cell  is  controlling  the  corrosion  behaviour  of  the 
scratched  area. 

CONCLUSIONS 

-  a.c.  impedance  techniques  proves  to  be  applied  suc¬ 
cessfully  to  investigate  the  mechanism  of  atmospheric 
corrosion. 

-  Separation  of  the  various  factors  in  the  electroche¬ 
mical  kinetics  can  be  performed  owing  to  the  use  of  a 
probe  acting  as  a  microreference  electrode. 
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A  large  set  of  data  have  been  accumulated  as  a 
function  of  environmental  parameters.  Impedance  data 
are  significative  of  the  corrosion  processes  even  in 
the  dry  conditions  where  the  impedance  cell  is  very 
high.  The  only  spurious  contribution  arises  in  the 
HF.  domain  from  the  small  capacity  of  the  insulating 
layer  in  parallel  with  the  cell  impedance.  Fig.  3 
displays  a  time  recording  of  the  short-circuit  current 
Is  during  an  experiment  going  through  the  whole 
test!  A  good  correlation  is  found  between  the  d.c. 


Fig.  4  :  Complex  impedance  plots  of  the  steel 
electrode  (St),  the  Zinc  electrode  (Zn)  and  the 
whole  cell  (W).  Cold  and  dry  environment  . 


Fig.  5  :  Magnified  high  frequency  range  displaying 
the  "characteristic  transmission  line  effect  when 
the  a.c.  potential  is  measured  on  the  Pt  probe. 

A  :  T  =  20  C  -  R.H.  --  70  1 
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BACKGROUND 

With  few  exceptions,  electrochemical  reactions  and,  hence, 
corrosion,  vary  spatially  in  rate  and  mechanism  on  metal  sur¬ 
faces  due  to  inherent  surface  inhomogeneity.  A  continuing 
problem  for  rapid,  in-situ  corrosion  monitoring  has  been  the 
lack  of  methods  for  evaluating  localized  corrosion.  Electro¬ 
chemical  impedance  methods  have  typically  been  applied  to 
the  study  of  general  corrosion  although  recent  advances  take 
into  consideration  the  heterogeneous  nature  of  electrode  sur¬ 
faces  0,2).  Scanning  ac  probe  methods  (3)  and  methods  for 
evaluating  corrosion  fatigue  (4)  represent  some  unique  appli¬ 
cations  of  electrochemical  impedance  methods  for  evaluating 
localized  corrosion  processes.  There  has  been  evidence  that 
localized  corrosion  in  the  form  of  pits  can  give  rise  to 
structure  in  the  impedance  spectra  (5).  A  model  pit  made  by 
drilling  through  ai  Ni  coating  on  carbon  steel  gave  rise  to  two 
time  constant  impedance  spectra  from  which  the  ohmic  resis¬ 
tance  in  the  pit  was  evaluated  (6,7).  A  more  detailed  analysis 
of  the  impedance  spectrum  of  localized  regions  using  a 
frequency-dependent  current  distribution  model  has  been 
described  (8).  To  gain  a  better  understanding  of  how  and  why 
localized  variations  ir.  electrochemical  reactions  influence 
the  impedance  spectra,  a  model  heterogeneous  rotating 
cylinder  electrode  (RCE)  containing  an  active  Sn  alloy  in  an 
inactive  Cu  matrix  was  constructed.  This  system  was  moti¬ 
vated  by  the  previous  work  of  Isaacs  (9)  who  used  this  system 
to  test  his  scanning  reference  probe.  Our  objective  has  been 
to  see  whether  the  impedance  of  the  heterogeneous  surface 
could  be  related  to  the  specific  impedances  of  the  respective 
homogeneous  surfaces. 

EXPERIMENTAL 

Heterogeneous  electrodes  "'re  formed  by  placing  drops  of 
95%  Sn  5%  Sb  solder  into  oles  drilled  in  a  Cu  rotating 
cylinder  electrode.  Impedance  measurements  were  made  of 
both  this  heterogeneous  electrode,  and  rotating  cylinder 
electrodes  of  the  pure  materials  polarized  to  nearly  the  same 
potential  as  the  heterogeneous  surface  in  aerated 
0.09  M  NajSCi,/  0.0 1  M  HpO„.  A  concentric  Pt  screen  coun¬ 
ter  electrode  and  a  saturated  calomel  reference  electrode  in 
a  luggin  capillary  were  used.  A  gold  wire  pseudoreference 
coupled  with  an  0.1  yF  capacitor  to  the  reference  was 
incorporated  into  the  system.  The  impedance  measurement 
was  performed  as  described  elsewhere  (10). 

THEORETICAL 

The  impedance  for  a  heterogeneous  surface  can  be  described 
as  a  senes  of  i  parallel  elements  having  specific  Zj.  The  total 
impedance  is  then: 

Z  =  l/E((Pj/Zj),  (I) 

where  Pj  is  the  area  fraction  of  the  region  having  Z,  specific 
impedance  (in  units  of  Q  cm2).  For  simple  cases,  each  region 
Zj  can  be  modeled  as 

Zi=  Rs  4  RpjA  1  ♦  (jwCjRpi)®!),  (2) 

where  Rp,  is  a  polarization  resistance,  Cj  is  a  capacitance  for 
each  region  and  a(  is  a  unit  less  constant. 

Figures  1  and  2  show  plots  of  log  Z  vs  log  u  (w  is  the  angular 
frequency)  simulations  of  impedance  spectra  for  variations  in 
the  area  fraction  and  series  resistances,  R$i,  respectively.  As 
the  area  fraction  of  the  active  site  increases  from  low  to  high 


values  (0.01  to  0.1  n),  an  additional  time  constant  appears 
(Fig.  1),  and  as  the  ohmic  resistance  decreases  an  additional 
time  constant  also  appears  (Fig.  2). 

RESULTS 

Figure  3  shows  the  frequency  dependence  at  open  circuit 
(-171  mV  vs  SCE)  for  the  impedance  modulus  and  phase  angle 
for  the  heterogeneous  surface  (area  fraction  of  the  Sn/Sb 
equal  to  0.025).  The  broken  lines  are  the  experimental  results 
and  the  solid  lines  are  computerized  simulation  using  parame¬ 
ters  obtained  from  a  nonlinear  least  squares  fitting  proce¬ 
dure.  The  broken  lines  in  Fig.  4  show  the  respective  impe¬ 
dance  spectra  for  homogeneous  electrode  of  the  individual 
metals  and  the  solid  lines  are  computerized  simulation 
obtained  using  parameters  from  a  nonlinear  least  squares 
fitting  procedure.  Table  1  shows  the  results  for  the  com¬ 
puterized  fit  of  the  data  in  Figs.  3  and  4.  Note  that  the 
specific  values  for  R  as  determined  from  the  heterogeneous 
surface  exceed  those  obtained  from  the  homogeneous  sur¬ 
faces  polarized  to  roughly  the  same  potential  (-151  mV)  as 
the  open  circuit  potential  of  the  heterogeneous  surface 
(-171  mV).  The  Sn  exhibits  a  high  pseudocapacitance  in 
excess  of  1000  uF/cm2  which  is  greater  for  the  homogeneous 
surface,  as  compared  to  the  heterogeneous  sample.  The 
solution  resistance  for  the  Cu  surface  was  observed  to  be 
34ocm2.  This  anomalously  high  value  may  reflect  a 
geometric  variation  in  the  placement  of  the  reference 
electrode  in  the  rather  resistive  0.1  N  electrolyte. 

The  anomalously  high  R_  values  for  the  heterogeneous  case 
might  reflect  either  p5s_'.vation  of  the  Sn  when  coupled 
directly  to  the  Cu  or  the  variation  might  be  explained  by  field 
distribution  effects  which  have  not  specifically  been  con¬ 
sidered  in  this  simple  model,  but  have  been  considered  by 
Oltra  and  Keddam  (8).  A  more  detailed  mode!  considering  a 
frequency  distribution  of  alternating  current  is  now  under 
consideration. 
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Phase  angle,  deg. 


Table  1 

Impedance  Parameters  Determined  from 
Computerized  Fit  of  Spectra 


log  u>  (rod/s) 


Fig.  }  Frequency  dependence  for  the  impedance  modulus 
(a)  and  phase  angle  (b)  of  simulated  impedance 
spectra  for  area  fractions:  (1)  O.Ol,  (2)  0.02,  (3)  0.03 
and  (4)  0.1  of  an  active  site. 


Fig.  2  Frequency  dependence  for  the  impedance  modulus 
(a)  and  phase  angle  (b)  of  simulated  impedance 
spectra  for  RS[:  U)  100  0  (2)  30  ft,  13)  ID  ft,  and  (4) 
l  ft. 


I  og  (rad/ s) 


Fig.  3  Frequency  dependence  for  the  impedance  modulus 
and  phase  for  a  Cu  RCE  containing  an  Sn  alloy 
region  of  area  fraction  0.025.  Sample  exposed  for 
4  h  in  0.09  N  Na, .SO* /0.01  N  H.SO„. 


log  iii  (red/s) 


Fig.  9  Frequency  dependence  for  the  impedance  modulus 
and  phase  for  a  Cu  RCE,  and  Sn  alloy  RCE  after 
exposure  for  4  h  in  0.09  N  Nla ,  SO*/0.0 1  \  fl.SO.. 
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Macdonald  et  al.  '1,2)  have  recently  suggested  the 
use  of  the  Kramers-Kronig  (K-K)  transforms  (3)  as 
diagnostic  tools  for  determining  the  validity  of 
experimental  impedance  data.  It  was  shown  for 
several  examples,  with  often  complicated  frequency 
dependence  of  the  impedance  spectra,  that  in  certain 
cases  the  experimental  data  and  the  K-K  transforms 
matched  very  well,  while  in  others  they  did  not.  It 
was  concluded  that  in  the  latter  case  the  experi¬ 
mental  data  were  not  true  impedance  data  and  had  to 
be  discarded. 


The  application  of  the  K-K  transforms  to  a  number  of 
corrosion  phenomena  which  aie  being  studied  in  this 
laboratory  has  shown  that  severe  problems  exist  with 
their  use  in  the  validation  of  impedance  data. 
These  problems  become  obvious  in  the  simplest  case 
of  an  impedance  which  is  a  resistance  Rs  in  series 
with  a  parallel  combination  of  a  resistance  Rp  and  a 


capacitance  Cd.  Fig.  1  shows  the  theoretical  data 
for  such  a  case  with  Rs  *=  10  ohm,  Rp  =  10^  ohm  and 
Cd  *  100  viF.  Also  shown  are  the  K-K  transforms.  In 
Fig.  la  the  lowest  frequency  used  is  10~2  Hz,  in 
Fig.  lb  it  is  10'3  Hz  and  in  Fig.  lc  it  is  10“4  Hz. 
it  can  be  seen  that  good  agreement  between  the  two 


curves  occurs  only  when  the  K-K  transform  is  carried 
out  to  sufficiently  low  frequencies.  This,  of 
course,  also  means  that  experimental  data  have  to  be 


available  for  these  frequencies. 


The  results  in  Fig.  1  suggest  that  great  care  has  to 
be  taken  in  the  use  of  the  K-K  transforms.  The  fact 
that  agreement  with  theoretical  data  is  not  obtained 
if  the  frequency  range  for  the  calculation  is  not 
sufficient  serves  as  a  warning  that  valid  data  might 
be  considered  to  be  invalid.  The  reason  for  this 
problem  seems  to  be  that  the  K-K  transforms  produce 
valid  data  only  if  the  real  and  the  imaginary  part 
of  the  impedance  have  reached  their  dc  limit  in  the 
frequency  range  used  for  the  calculation.  These 
problems  were  not  noticed  by  Macdonald  et  al.  (1,2), 
apparently,  because  in  their  systems  the  impedance 
values  were  very  low. 


The  findings  reported  here  demonstrate  that  the  K-K 
transforms  cannot  be  used  for  many  of  the  most 
important  corrosion  systems.  Very  corrosion 
resistant  systems  which  can  be  studied  with 
electrochemical  impedance  spectroscopy  (EIS)  include 
inhibited  solutions,  polymer  coated  metals  and 
anodized  surfaces.  In  most  of  these  cases  the 
impedance  data  do  not  reach  a  dc  limit  in  the 
frequency  ranqe  which  is  experimentally  accessible. 
In  fact,  the  challenge  in  EIS  studies  for  these 
systems  is  the  extraction  of  meaningful  corrosion 
parameters  from  such  data.  Even  for  the  simple  case 
of  a  metal  corroding  in  aerated,  neutral  media  it 
can  be  very  difficult  to  determine  the  parameters 
from  which  corrosion  rates  are  calculated  (4).  As 
shown  elsewhere  for  systems  involving  a  diffusion 
impedance  or  a  transmission  line,  the  impedance  data 
do  not  reach  a  dc  limit  at  the  lowest  frequencies 
which  can  be  measured  and  the  K-K  transforms  fail 
(5)  . 
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AN  IDENTIFICATION  PROCEDURE  TO  STUDY  THE 
DYNAMICS  OK  METAL  DISSOLUTION  IN 
AQUEOUS  MEDIA 


provide  the  coefficients  p  j  and  q  t  to  be  de¬ 
termined  in  order  to  minimize  the  following 
f unc  t  ion : 
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The  estimation  of  the  transfer  function 
impedance  can  be  derived  from  the  experimen¬ 
tal  data  set.  The  complex  impedance  diagram 
provides  the  experimental  information  which 
requires  to  be  transformed  in  a  quantitative 
r.atheraativ2l  expression  to  study  the  dynamics 
of  corrosion  processes. 

The  aim  of  this  paper  is  to  analyze  an 
identification  procedure  developed  to  obtain 
the  coefficients  of  the  electrochemical  impe¬ 
dance  based  on  an  algorithm  which  minimizes 
the  mean  square  error  related  to  the  differen 
ce  between  the  experimental  and  the  model 
data. 

The  complex  impedance  diagrams  were  ealeu 
la  tea  through  two  techniques.  In  the  first 
one,  the  spectral  density  functions  were 
estimated  either  by  means  of  the  discrete 
finite  Fourier  transform  of  correlation  func¬ 
tions  or  in  terms  of  direct  Fourier  transforms 
of  the  original  data  records,  employing  a 
pseudo-random  binary  sequence  as  perturbation 
signal.  The  power  spectrum  of  the  signal  had 
an  envelope  of  the  form  1  =  tm[sin(“ftn,)/ 
(••ftm))2,  wl  ere  f  =  .  /  2~  and  tm  is  the  c'ofk 
pulse  period  of  the  binary  sequence,  which  was 
generated  either  by  software  from  a  digital 
computer  (PDF  11)  or  by  a  low-cost  binary- 
signal  generator  built-up  in  the  laboratory, 
in  the  second  case,  deterministic  perturba¬ 
tions  in  the  form  of  typical  sinusoidal  exci¬ 
tation  at  discrete  frequencies  wore  applied 
(Solartron,  1250  frequency  response  analyzer 
and  1186  electrochemical  interface). 

Data  quality  and  degree  of  causality  bet¬ 
ween  excitation  and  response  signals  were  cha¬ 
racterized  by  both  the  squared  coherency 
•Spectrum  and  Kramers-Kronlg  transforms. 

The  experimental  impedance  data,  Z(v)  = 

+  jZ"  (.. ),  were  compared  with  a  model 
expressed  by  the  quotient  of  two  polynomial 
terms,  according  to 


Let  us  now  describe  eq.  (1)  in  the  form 
PUO  -  Q(OZ(.)  =  e(OQ(.)  (4) 

and  after  defining  a  new  polynomial  term,  Q(. ), 
which  takes  into  account  the  numerical  values 
of  Q(i*')  estimated  at  tv*nu'0»  for  n=l,2,...,m, 
in  place  of  eq.  (4)  one  obtains 

iro  .  aCil  Z(„)  .  .  ;<■)  (5«, 


Using  matrix  notation,  eq.  (5a)  can  be  given 

by 
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‘  I  is  (  *  ) 

where  i  includes  Q  at  the  different  frequen¬ 
cies  and  the  pi  and  qj  coefficients.  To  mini 
mize  the  J  function,  it  was  considered  that 


where  !'  is  the  transpose  of  :  .  However,  .is 
0(.)  is  unknown,  its  value  for  the  k-tb  i t e 
tion  step  was  approached  using  that  corrosp 
ing  to  the  (k-l)-th  step.  Final'.;,,  a.' ter  th 
proper  convergence,  Qk()  =  Qk_j()  and  ( 
(.)  in  order  to  minimize  .1  in  eq.  (3). 

The  developed  identification  procedure 
data  obtained  from  the  two  described  expert 
mental  techniques  was  applied  to  the  study 
iron  dissolution  in  different  aqueous  elect 
lytes. 


.*<•:;  *  z<  >  -  <■>  <>) 

where  the  error  ■(•)  =  ■ £ ( *)  +  m()  involves 

both  the  experimental  one,  ■  £ ,  and  the  dif¬ 
ference  between  data  obtained  and  mathematical 
model,  •  vj ,  for  a  fixed  number  of  frequencies 
(,0,  2  .  n  ,  .  .  .  ,ra  .  0  )  .  Under  these  conditions, 
the  equations 

-  po  +  P,(j.)  +  ...  +  pnp<J  >np  <-’•>> 
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J5'?.t£a?Sport  corrosion  products  across 
salt  films  is  of  major  importance  in  studyinq 
P  ttmg,  crevice  corrosion,  and 
electrochemical ly-assisted  stress  crackino 
processes.  The  major  difficulty  that  has 
hindered  the  study  of  transport  across  salt 
rums  is  the  determination  of  their  thickness 
In  this  study,  a  nickel  chloride  salt  film  is 
precipitated  on  nickel  using  an  artificial  pit 
configuration  in  0.5  N  HC1.  It  is  necessary 
that  the  pit  be  corroding  under  it<lte 

J  t  I  sail  5)  . 

The  technique  is  based  on  the  observation  that 
once  a  salt  film  1S  precipitated,  the  steady 
state  corrosion  rate  is  independent  of  the 
external  potential.  If  the  potential  is 
abruptly  stepped  to  less  anodic  potentials 
the  current  decreases  while  the  film  thins'and 
then  returns  to  the  same  original  Current 
again.  If  one  integrates  this  deviation  in 
current  from  the  steady  state  value  over  time 
?  ™as“r.  amount  of  salt  film  that  was 

lost  with  film  thinning  can  be  obtained.  This 
charge  can  be  measured  using  a  Princeton 
Applied  Research  Model  179  coulometer  in  the 
null  mode.  Simultaneously,  the  AC  impedance 
is  measured  at  a  high  enough  frequency  that 
only  the  purely  resistive  component  is 

Thi5 „?hdn9e  ’h  Charge  to  the  change 
in  resistance  (R)  in  coulombs/ohm  contains 
fllia"  the.sa,t  f',m  thickness  and  electric 
u  strength.  The  potential  is  stepped  in 
50  mV  increments  until  the  salt  film 
dissolves.  The  resistance  at  the  point  of 
unsaturation  is  necessary  in  order  to 
calculate  the  absolute  resistance  of  the  salt 
f i  m.  Sy  assuming  the  salt  film  to  be  nickel 
chloride  hexahydrate  and  using  the  value  for 
,  molar  volume,  and  determining  dV/dR,  the 
electric  field  strength  across  the  salt  film 
was  calculated  to  be  -388  V/ cm.  This  value 
indicates  a  low  field  (ohmic)  transport 
process  is  operative  across  the  salt  film. 

The  thickness  of  the  salt  film  is  directlv 
proportional  to  the  external  potential  once 
the  film  is  precipitated  at  a  constant  crevice 
depth.  For  instance,  the  thickness  is  about 
1  microns  for  a  . 1  cm  crevice  depth  when  the 
potential  is  700  mV  more  anodic  than  the 
initial  potential  for  precipitation.  The  salt 
nim  thickness  is  also  directly  proportional 
to  the  depth  of  the  crevice.  Assuming  that 
the  salt  film  is  crystalline  but  porous,  the 
porosity  was  calculated  to  be  1.  E-3.  'The  pH 
at  the  metal/salt  interface  should  be  more 
basic  than  the  bulk  electrolyte  (unless  the 
metal  contains  a  component  like  chromium)  and 
it  can  be  shown  that  the  local  increase  in  pH 
should  be  directly  proportional  to  the  voltaqe 
drop  across  the  salt  film.  This  may  be 
important  to  explaining  why  spontaneous 
passivation  is  sometimes  observed  under  salt 
f  1 1  ms . 
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Introduction 

The  AC  impedance  technique  has  proved  to 
be  <i  very  useful  meet:  ' chemical  technique 
[1-6]  to  study  the  mechanism  of  the  cor¬ 
rosion  of  coated  metals.  An  important  advan¬ 
tage  of  this  technique  is  that  it  is  pos¬ 
sible  to  characterize  ti.e  coating  and  the 
behavior  of  the  metal. 


Experimental 

ARMCO  iron  coated  with  ERCUSON  AS250  (a 
styrene-acrylic  polymer)  pigmented  with  red 
ironoxide  and  strontium  chromate  has  been 
tested  in  an  aerated  sodium  chloride  solu¬ 
tion.  Coating  thickness,  NaCl  concentration 
and  oxygen  content  have  been  the  investiga¬ 
ted  parameter.  The  coated  samples  are  moun¬ 
ted  in  a  special  cell  described  elsewhere 
[2]  . 

In  an  attempt  to  subdivide  the  whole  cor¬ 
rosion  reaction  into  its  partial  processes  a 
special  corrosion  cell  of  two  identical 
electrodes  has  been  build  [3].  The  coated 
metal  of  both  cells  is  connected  electrical¬ 
ly  and  the  solutions  electrolycicaily .  The 
only  difference  is  the  oxygen  content  in  the 
solutions.  As  a  consequence  one  of  the 
cells  behaves  as  an  anode  the  other  as  a 
cathode.  Measurements  of  mixed  potential, 
corrosion  current  between  both  cells  and  AC 
impedance  on  the  separate  cells  are  then 
easy  to  perform. 

The  AC  impedance  have  been  measured  with 
a  1250  Frequency  Response  Analyser  and  an 
1186  Electrochemica 1  interface  both  of  SO- 
LARTRON  SCHLUMBERGER.  The  frequency  of  the 
applied  voltage  sine  wave  ranges  between  60 
KHz  and  10  mHz.  The  amplitude  is  20  mV.  The 
impedance  results  are  plotted  in  the  complex 
plane . 


Results  and  Discussion 

A  typical  AC  impedance  result  for  sample 
1  (190  )i)  and  2  (220  |i)  after  26  days  immer¬ 

sion  is  shown  in  figure  1.  Through  the  so¬ 
lution  of  cell  1  N2~gas  is  continuously  bub¬ 
bled,  through  the  solution  of  cell  2  02-gas. 

It  is  explained  elsewere  [3]  that  the  im¬ 
pedance  of  submersed  coated  iron  sheet  con¬ 
tains  three  distinct  sections  according  to 
the  frequency  domain.  The  flattened  semi 
circle  which  is  found  at  high  frequencies 
reflects  the  physical  behaviour  of  the  eoa 
J txe^jencies  the  double 
iu/ei  and  the  charge  transfer  can  be  charac¬ 
terized  and  at  low  frequencies  the  mass 
t  ransport . 


The  simulation  of  the  corrosion  process 
of  coated  iron  with  the  aid  of  a  differen¬ 
tial  aeration  cell  led  to  the  conclusion 
that  the  cathodic  kinetics  seems  to  be  con¬ 
trolled  by  diffusion  and  the  anodic  kinetics 
by  charge  transfer.  The  pore  resistance 
decreases  more  rapidly  in  the  coating  of  the 
cathodic  sample  than  in  the  one  of  the  ano¬ 
dic  sample. 

Scanning  electron  microscopy  and  X-Ray 
micro-analysis  show  that  the  anodic  metal/ 
coating  interface  oxidation  products  are 
formed,  block  the  coating  pores  and  cause 
blistering . 

In  the  case  of  thinner  coating  layers  the 
influence  of  the  diffusion  of  electroactive 
species  is  less  important . 


References 

[1]  EPELBOIN  I.,  KEDDAM  M.,  TAKENOUTI  H. 

J.  Appl.  Electrocbem. ,  2,  71,  (1972). 

[2]  HUBRECHT  J.,  VEREECKEN  J.,  PIENS  M. 

J.  Electrochem.  See.,  131,  2010,  (1984). 

[3]  HUBRECHT  J.,  VEREECKEN  J. 

j.  El ect roch^r .  See.,  132,  2656,  (i960) . 

[4]  WALTER  G.W. 

Cor.  Sc. ,  26,  681,  (1986) . 

[5]  MANSFELD  F.,  JEANGAQUET  S.L.,  KENETG 
M.W. 

Cor.  Sc.,  26,  735,  (1986). 

[6]  LEIDHE1SER  H.,  GRANATA  R.D. 

Corrosion,  43,  296,  (1987) . 


Figure  1 


249 


Abstract  No.  177 


CORROSION  INHIBITION  IN  A  C02  SATURATED  CHLORIDE 
SOLUTION  BY  A  FILM  FORMING  COMPOUND  :  ASSESSMENT  BY 
THE  ELECTROHYDRODYNAMIC  IMPEDANCE  METHOD 

D.  BERNARD1,  C.  DESLOUIS2,  F.  OLIVIER1,  T.E.  POU1, 

B.  TRIBOLLET2 

1  CECA  SA  (Croupe  Elf  Aquitaine),  95  rue  Danton, 
92303  Levallois  Perrer  -  FRANCE 

2  LP15  CNRS  -  Physique  des  Liquides  et  Electrochimie 
4  place  Jussieu,  75252  Paris  Cedex  05  -  FRANCE 


INTRODUCTION 

CO2  corrosivity  in  oil  wells  constructed  with  usual 
carbon  steel  equipment  involves  complex  cathodic  par¬ 
tial  reactions  where  proton  reduction  is  effected 
either  directly  or  via  the  different  carbonic  species. 
The  anodic  partial  reaction  is  also  complicated  by 
carbonate  precipitation  and  occurence  of  galvanic 
couples  inducing  localized  corrosion. 

Since  mass  transport  has  been  identified  as  partly 
controlling  the  corrosion  rate,  a  way  to  reduce  the 
corrosion  rate  can  be  to  slow  down  the  rate  of  mass 
transport  of  reactants  or  products  and,  therefore,  a 
film  forming  inhibitor  can  be  anticipated  as  an  appro¬ 
priate  solution.  Partial  mass  transport  control  was 
another  reason  for  testing  the  EHD  impedance  technique 
which  has  been  already  justified  as  well  suited  for 
corrosion  studies  (1). 

EXPERIMENTS 

Steady  state  and  EHD  impedance  measurements  were 
performed  by  means  of  an  electrochemical  interface 
Solartron  1286  and  coupled  with  a  frequency  analyzer 
Solartron  1250. 

The  experiment  was  carried  out  in  37.  of  NaCl  solu¬ 
tion  saturated  with  CX^- 

The  N8(J  carbon  steel  rotating  disc  is  used  as 
working  electrode. 

The  detail  of  EHD  impedance  measurement  technique 
is  given  elsewhere  (2). 

RESULTS 

Steady  state  measurements  : 

The  cathodic  current  potential-curves  obtained  dis¬ 
play  an  inflection  point  corresponding  to  a  limitation 
by  mass  transport  (curves  A  and  B  for  a  rotating  speed 
ft  =  1000  and  300  rpm  in  fig.l). 

The  addition  of  a  film  forming  inhibitor  containing 
a  mixture  of  fatty  amines  and  known  as  film  forming*, 
leads  to  a  substantial  decrease  of  the  cathodic  current 
(curves  C  and  D  in  fig.l)  for  a  concentration  as  low 
as  20  ppm. 

In  the  absence  of  inhibitor,  the  current  in  the 
region  of  the  inflection  point  is  increasing  with  ft 
but  does  not  obey  the  Levich  relation.  Close  to  Ecorr 
a  similar  relative  variation  of  the  current  is  follo¬ 
wed.  Hence,  a  significant  non  diffusional  component  is 
hidden  in  the  overall  current  and  so  the  data  are  plot¬ 
ted  in  fig. 2  as  I  vs  ft.  The  current  reduction  increases 
with  the  inhibitor  amount  (10  and  30  ppm,  curves  C  and 
D  in  fig. 2)  and  beyond  30  ppm  no  further  improvement 
is  observed. 


EHD  impedance  measurements  : 

In  the  absence  of  inhibitor,  the  Bode  plots  diagrams 
in  fig. 3  and  4  vs  the  dimensionless  frequency  p3u/fi 
( u>  is  the  modulated  frequency  of  the  disk  speed)  show 
no  qualitative  difference  between  the  "diffusion  pla¬ 
teau"  domain  (-.8V/SCE)  and  Ecorr.  This  confirms  the 
previous  steady  state  result  about  the  similar  relati¬ 
ve  variations  "t  ihc  *lLl«  T  at  t  no  ,«imc  i>o.vir 

t ials . 

However,  different  diagrams  are  obtained  for  increa¬ 
sing  ft,  at  variance  with  the  theory  predicting  a  sin¬ 


gle  diagram  vs  p  (3).  Therefore,  mass  transport  toward 
a  uniformly  reactive  electrode  is  not  J:he  only  rate 
determining  step  and  the  influence  of  ft  on  the  diagrams 
suggests  two  possible  explanations,  one  involving  a 
partial  blocking  of  the  interface  (4)  and  the  other  a 
coupling  of  the  electrochemical  reaction  with  a  chemi¬ 
cal  reac  t ion  ( 5 )  . 

For  a  10  ppm  inhibitor  concentration  (fig. 7)  the 
impedance  behavior  shows  more  clearly  at  high  frequen¬ 
cy  a  blocking  effect  and  a  better  reducibility  with  p 
in  the  mid  region. 

Tor  a  50  ppm  inhibitor  concentrat ion  the  observed 
behavior  is  now  characteristic  of  mass  transport  part¬ 
ly  proceeding  by  molecular  diffusion  through  a  solid 
layer  (6). 

DISCUSSION 

The  observed  results  for  CO2  corrosivity  present 
some  relevance  with  the  proposed  models  so  far  : 

The  cathodic  reaction  model  of  Schmidt  and  Rothman 

(7)  considers,  in  iawv,  the  direct  proton  reduction, 
its  wall  concentration  being  also  controlled  by  the 
dissociation  reactions  of  H2CO3. 

In  the  anodic  range,  the  earlier  stages  of  metal 
dissolution  are  ruled  by  the  Bockris  mechanism  (8)  and 
are  followed  by  the  precipitation  of  FeCO-j  (9). 

Therefore,  both  the  anodic  and  cathodic  reactions 
can  produce  a  partial  blocking  of  the  interface.  How¬ 
ever,  a  frequency  analysis  of  the  EHD  impedance  in  the 
LF  domain  yields  a  Schmidt  number  value  around  ICOO 
-i.e.  a  diffusion  coefficient  of  10‘ 5cm2 . s" 1  which 
seems  too  low  for  H*-  and  should  rather  indicate  a 
control  of  the  cathodic  current  by  H2CO3  diffusion. 

So  presumably,  both  effects  (i.e.  partial  blocking 
and  chemical  coupled  reaction)  can  be  invoked. 

EHD  impedance  visualized  at  low  inhibitor  concentra¬ 
tion  a  partial  coverage  of  the  metal  by  the  inhibitor, 
whereas  at  50  ppm  the  inhibitor  seems  to  cover  uniform¬ 
ly  the  metal  and  over  a  certain  thickness. 

The  technique  used  is  thus  able  to  predict  accurate¬ 
ly  the  minimum  inhibitor  concentration  enabling  a  good 
protection  without  localized  corrosion.  A  comprehensive 
study  of  corrosivity  in  the  absence  of  inhibitor  needs, 
however  to  be  done  in  view  of  those  preliminary  data. 

CONCLUSION 

The  EHD  impedance  measurement,  applied  to  a  film 
forming  corrosion  inhibitor,  is  proved  to  be  a  power¬ 
ful  technique  to  study  the  corrosion  inhibition. 
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Phosphines  of  the  phenyl  phosphine  type  are  effi¬ 
cient  molecules  for  inhibiting  the  uniform  corrosion  of 
metals  such  as  zinc,  iron  or  copper  in  deaerated  acidic 
solutions.lt  was  previously  established  that  the  P03 
{0  =  CgHc)  molecule  acts  through  its  co-adsorption  with 
hydrogen  atoms  at  the  metal  surface  (1,2).  However,  the 
distribution  of  the  inhibitor  species  at  the  surface 
was  not  investigated,  nor  was  the  effect  of  oxygen  on 
the  efficiency  of  the  phosphines. 

The  oxygen  reduction  on  copper  interface  is  mass 
transfer  limited,  so  the  blocking  effect  of  the  phos¬ 
phine  can  be  studied  by  DC  measurements  of  the  current 
versus  the  rotation  speed  of  the  disk  electrode  and  by 
electrohydrodynamical  (EHD)  impedance.  This  last  tech¬ 
nique  consists  on  the  frequency  response  analysis  of  the 
system  to  a  sinusoidal  speed  modulation  at  a  rotating 
disk  electrode  (3,4).  In  particular  when  the  reactivity 
of  the  interface  is  non-uniform,  the  EHD  impeoance  shows 
some  characteristic  features  (5).  In  the  low  frequency 
range,  the  response  behaviour  corresponds  to  that  of  a 
uniform  accessible  disk  electrode  and  in  the  high  fre¬ 
quency  range,  its  response  is  similar  to  the  response  of 
an  isolated  active  site.  The  frequency  lag  between  the 
two  regimes  is  related  to  the  dimension  of  the  active 
site  and  to  its  radial  coordinate. 


Acidic  solution 

In  0.1  N  Hp$04  solutions,  the  mass  transfer  of 
oxygen  towards  the  cathode  controls  the  reaction  : 

02  +  4  H+  +  4  e"  -  2  H20 

and  the  limiting  current  in  of  oxygen  reduction  obeys 
the  levich  relationship,  whereas,  in  the  presence  of 
P03,  iD  is  decreased,  indicating  an  inhibiting  effect 
of  the  molecule.  The  ig-1  =  f(jT''z)  curve  plotted  in 
the  absence  of  P03  (curve  a.  Fig.  1)  goes  through  the 
origin,  indicating  the  uniform  accessibility  of  the 
interface.  The  same  curve  plotted  in  the  presence  of  the 
phosphine  molecule  (curve  b,  Fig.  1)  shows  two  linear 
parts.  At  low  rotation  rate,  the  curve  is  parallel  to 
the  curve  "a"  obtained  in  absence  of  P03  and  intercepts 
the  ordinate  axis  at  point  A’.  This  behaviour  may  cor¬ 
respond  to  a  blocking  effect  of  the  P03  molecule.  At 
high  rotation  rate,  the  curve  becomes  a  straight  line 
crossing  the  origin.  An  interpretation  of  these  data  can 
be  obtained  after  analysing  the  EHO  impedance. 

The  diagrams  obtained  in  absence  of  P0 3 ,  at  diffe¬ 
rent  lotation  rate,  in  the  conditions  of  figure  la, 
are  reduced  by  using  the  dimensionless  frequency  p  =  u./U 
in  agreement  with  the  theory  for  a  uniform  accessible 
interface  (Fig.  2).  In  presence  of  P0i  the  different 
diagrams  are  not  reducible  in  the  whole  frequency  range. 
The  low  frequency  part  of  the  diagrams  is  the  same  for 
solutions  containing  phosphine  or  not.  This  eliminates 
any  layer  effect  of  the  inhibitor  according  to  previous 
work  (6)  '•’mens  ion  less  frequencies  p  >  1,  a  steep 
decrease  of  the  phase  shift  h  is  observed  in  presence  of 
phosphine,  followed  by  a  rise  of  0.  This  behaviour  is 
characteristic  of  a  partially  blocked  electrode  (5).  The 
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where  R  is  the  radius  of  the  rotating  disk  electrode. 

Table  1  shows  that  the  dimension  of  the  active 
site  d  increases  when  f?  increases.  This  variation  of  the 
blockage  with  the  rotation  speed  is  in  agreement  with 
the  DC  measurements  obtained  for  a  rotation  speed  high 
enough. 


Neutral  solution 


The  same  type  of  experiments  was  conducted  in 
neutral  conditions  (aerated  0.1  N  Na2S04).  The  corres¬ 
ponding  reduction  reaction  for  oxygen  is  : 

02  ♦  2  H20  ♦  4  e"  -»  4  OH- 

In  aosence  of  P02 ,  the  iD_1  =  f(.;-1^)  curve  (Fig. 
3a)  is  a  straight  line  parallel  to  the  corresponding 
curve  obtained  in  acid  media  and  crossing  the  origin. 
This  behaviour  may  correspond  to  different  interpreta¬ 
tions:  a  mixed  control  of  the  cathodic  reaction,  a 
porous  layer,  a  partial  blocking  of  the  surface  ...  In 
the  presence  of  phosphine,  the  inhibition  of  the  catho¬ 
dic  reaction  is  more  effective  at  higher  rotation  speeds 
(Fig.  3,  curve  b). 

In  the  absence  of  inhibitor,  the  EHD  impedance 
plots  (Fig.  4)  answer  some  of  the  previous  questions  : 
the  behaviour  is  characteristic  of  a  blocking  effect  due 
probably  to  some  intermediate  reaction  products  adsor¬ 
bed  on  the  electrode.  In  the  presence  of  P03,  the  curves 
(Fig.  5)  show  the  same  trends  as  in  acidic  solutions, 
i.e.  a  blocking  effect  of  the  inhibitor.  Although  no  p* 
can  be  obtained  and  so  no  quantitative  d  value  can  be 
given,  we  may  conclude  that  the  dimensions  of  the  active 
sites  in  neutral  solution  are  smaller  than  those  in 
acidic  conditions. 
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Recently,  much  attention  has  been  focussed  on 
the  electrochemical  studies  of  conductive  polymers. 
Since  these  polymers  exhibit  large  variations  in 
both  structure  and  conductivity,  there  are  many 
possible  applications  in  electronic  and  chemical 
systems,  such  as  light-weight  batteries,  corrosion 
protection,  sensors,  and  microelectronic  and 
photovoltaic  devices. 

These  materials  can  be  catagorized  by  their 
differences  in  structure  and  redox  mechanisms,  but 
for  the  purposes  of  this  paper  electroactive 
polymers  will  be  divided  into  two  broad  classes. 
One  can  be  classified  as  a  "redox  polymer",  where 
conduction  is  by  electron  hopping  between  redox 
centers  attached  to  the  polymer  chain.  The  other 
class  of  polymers,  which  we  focus  on  here,  were 
prepared  from  monomers  of  heterocyclic  aromatic 
compounds.  Electrons  delocalized  along  the  polymer 
backbone  give  them  their  conductive  properties. 
The  materials  s-udied  here  were  poly ( thiophene) , 
poly(3 -methylthiophene) ,  and  poly (pyrrole) .  All 
three  polymer  were  found  to  have  similar  impedance 
characteristics,  related  to  the  processes  of  (1) 
charge  injection  (2)  diffusion  in  the  polymer,  and 
(3)  redox  capacitance. 

A  technique  called  Digital  Impedance  for 
Faradalc  Analysis  (DIFA)  (Smyrl.  1985  abc')  was  used 
to  study  the  kinetics  of  redox  behavior  of  the 
polymers.  In  the  studies,  the  polymers,  present  as 
a  thin  film  on  the  electrode,  was  charged  to  a 
specific  state  and  maintained  at  equilibrium.  A 
modulating  input  perturbation  signal  was  then 
applied  to  observe  the  response  of  the  polymer,  and 
the  measurements  were  repeated  at  several  different 
charge  states  of  the  polymer.  The  perturbation  was 
a  multiple  frequency  voltage  signal,  and  both  the 
response  and  the  perturbation  was  transformed  by  a 
Fast  Fourier  Transform  (FFT)  so  that  the  impedance 
could  be  obtained  at  all  the  input  frequencies 
simultaneously.  A  PDPll/44  computer  controller  was 
at  the  heart  of  the  experimental  system,  and  an 
Analogic  Array  Processor  performed  the  FFT  in  real 
time  . 


diffusion  coefficient  that  was  a  function  of  charge 
concentration,  and  changed  by  orders  of  magnitude 
as  the  charge  concentration  was  varied.  At  higher 
charge  concentration,  the  diffusion  coefficients 
were  of  the  order  of  10'7  cm2/sec  for  all  three 
polymers . 

When  compared  to  the  earlier  results  of  the 
impedance  behavior  of  poly(vinylferrocene)  (hunter 
et.al,  1987),  the  same  relaxation  processes  are 
seen  in  all  cases.  However,  in  the  case  of  the 
redox  polymer,  the  diffusion  coefficient  was  only  a 
modest  function  of  charge  cone  ent  .-at  i  on ,  and 
changed  by  a  factor  of  two  over  the  entire  range  cf 
charge  concentration. 
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Oxidation  of  the  polymer  films  occurred  by 
hole  injection  into  the  polymer  backbone,  with 
simultaneous  injection  of  anions  from  the 
electrolyte  to  maintain  electroneutrality.  At  high 
frequencies,  this  is  the  rate  controlling  process, 
and  leads  to  a  charge  transfer  semicircle  in  the 
complex  domain.  The  charge  transfer  resistance 
decreased  with  the  concentration  of  charge  (holes 
plus  anions)  in  the  films.  From  the  analysis,  one 
is  able  to  obtain  an  exchange  current  density  and 
a  double  layer  capacitance  for  the 
polyncr/electrolyte  interface. 

At  lower  frequencies  transport  of  the  charged 
species  in  the  film  was  rate  determining,  and  gave 
a  Warburg  impedance  whereby  both  the  real  and  the 
imaginary  parts  of  the  Impedance  had  an  inverse 
square  root  dependence  on  the  frequency  of  the 
pe  rt  urba  t  i  on .  Analysis  of  the  date  led  to  a 
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Subtle  variations  in  polymer  composition, 
structure,  and  means  of  casting  can  have  profound 
effects  on  permeability.  The  most  important 
parameter  affecting  this  is  the  amount  of  "free 
volume"  within  the  polymer.  Electrochemical 
behavior  of  redox  polymer  films  is  a  strong 
function  of  the  density  of  packing  of  the  polymer 
chains . 

Solvents  and  even  non-solvents  penetrate 
glassy  polymers  and  induce  backbone  motions.  In 
the  presence  of  any  low  molecular  weight  liquid, 
the  polymer  is  swollen,  and  the  free  volume 
increases.  The  free  volume  may  also  change  as  the 
result  of  electrochemical  cycling  between  the 
neutral  and  oxidized  form  of  PVF  (1).  the  polymer 
used  in  this 

PVF  films  on  Pt  have  been  studied  recently  by 
impedance  techniques  and  were  found  to  have  fhree 
regions  of  behavior,  characterized  by  different 
relaxation  times.  At  high  frequencies,  the 
simultaneous  injection  of  holes  (oxidation  of  the 
ferrocene  pendant  groups)  and  anions  (to  maintain 
charge  neutrality)  is  the  rate  controlling 
process.  At  lower  frequencies,  diffusion  in  the 
film  is  rate  limiting,  and  for  solution  cast  films 
it  was  found  that  the  diffusion  coefficient  was  ">f 
the  order  of  10'9  cm2/sec  (2).  At  the  lowest 
frequencies,  the  finite  thickness  of  the  films 
cause  the  impedance  to  become  purely  capacitive. 
The  latter  region  has  been  termed  the  redox 
capacity  region  of  impedance. 

Spin  coating  films  on  ultra  flat  substrates  is 
important  for  a  number  of  technological 
applications,  and  our  interest  is  in  developing 
thin  film  polymer  batteries.  Thus  PVF  films  were 
spun  onto  Pt  or  Au  thin  films  on  single  crystal  Si 
wafers.  Electrical  contact  was  made  to  the  metal 
film  and  the  electrode  was  immersed  in  an 
electrolytic  solution  in  acetonitrile  (0.1M 
t e t r a  (  n  -  bu  t y 1 ammon ium)  perchlorate )  .  Cvclic 
voltammograms  of  the  films  were  stable  for  many 
hours  after  the  initial  break-in. 

Impedance  measurements  were  made  as  a  function 
f  oxidation  state  of  the  polymer  film.  A  multiple 
frequency  voltage  signal  was  imposed  on  the  film 
and  the  current  response  was  measured.  Both 
voltage  and  current  signals  were  transformed  with  a 
Fast  Fourier  Transform,  and  the  impedance  was 
calculated  at  all  the  Input  frequencies 
simultaneously.  The  measurements  (Digital 
Impedance  for  Faradaic  Analysis)  are  performed  with 
an  array  processor-enhanced  PDPll/44  (2).  The 
diffusion  coefficients  measured  on  the  spin  coated 
films  are  more  than  two  orders  of  magnitude  larger 
than  the  films  studied  earlier,  i.e.  Dcr  was  found 
to  be  10‘7  for  the  spin  coated  films.  In  addition, 
the  films  give  evidence  of  increased  porosity  as 
determined  by  impedance.  Both  character i st i cs  are 
indicitive  of  greater  free  volume  for  the  spin 
coated  films.  Other  results  will  also  be 
descr I  bed . 
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AN  IMPEDANCE  AND  XPS  STUDY  OF  PASSIVE  CHROMIUM 

T.P.  Moffat  and  R.M.  Latanision, 

MIT,  Dept,  of  Mat.  Sci .  and  Eng.,  8-202, 
Cambridge,  MA  02139 

The  electrochemistry  of  chromium  has 
been  examined  in  acid  sulfate  media.  The 
impedance  was  measured  as  a  function  of 
potential.  Mesurements  were  done  between  65  kHz 
and  01  mHz.  In  1M  H^SO^,  one  inhomogeneous 
relaxation  is  apparent  in  the  passive  domain. 
The  dispersion  of  the  response  is  constant 
between  -0.1  and  0.6  V  SCE  and  then  increases 
as  the  transpassive  domain  is  approached.  The 
calculated  high  frequency  capacitance,  i.e.  at 
10.3  kHz,  yields  a  simple  dielectric  type 
(potential /fi lm  thickness)  behavior  between 
-0.1  and  0.6  V  SCE.  This  capacitance  reaches  a 
minimum  at  0.6  to  0.7  V  and  then  increases  as 
the  transpassive  domain  is  approached.  These 
results  are  being  correlated  with  angle- 
resolved  XPS  data  which  yields  depth-sensitive 
information  on  the  distribution  of  oxidized 
species  within  the  passive  film.  Additional 
work  is  in  progress. 
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PASSIVE  LAYERS  AND  UHY -GROWN  OXIDES  ON  Ni(lOO):  A 
COMPARISON  BY  AC  IMPEDANCE  AND  SURFACE  SPECTROSCOPIES 

Frederick  T.  Wagner  and  Thomas  E.  Moylan 
Physical  Chemistry  Department 
General  Motors  Research  Laboratories 
Warren,  MI  48000-9055 

The  clean  coupling  of  an  ultrahigh  vacuum  sample 
preparation/analysis  system  to  an  aqueous  impedance 
cell  gives  promise  of  direct  spectroscopic  testing  of 
the  adsorption  and  structural  effects  inferred  from 
impedance  data.  We  have  used  such  a  system  to  compare 
lectrochemical  passive  films  grown  on  Ni(lOO)  in  10 
mM  HC1Q.  with  saturation  oxide  layers  grown  in  UHV  by 
dosing  with  gaseous  Og  at  room  temperature.  The  two 
films  share  a  common  component  of  2-4  layers  of  NiO 
and  share  simple  impedance  behavior  at  1.05  ”  vs.  RBE 
characterized  by  20  pF/cm  capacitances  and  aow 
frequency  resistixe  or  quasi-resistive  impedances 
exceeding  105  flcm  .  They  differ  subtly  in  chemical 
composition  and  structure.  The  clean  and  UHV-oxidized 
surfaces  differ  dramatically  in  the  amount  of  anodic 
charge  required  to  achieve  steady-state  passivation 
upon  contact  with  electrolyte. 

Experimental .  The  main  UHY  preparation/analysis  cham¬ 
ber  was  equipped  for  X-ray  photoemission  spectroscopy 
(XPS) ,  high  resolution  electron  energy  loss  spectros¬ 
copy  (HREELS) ,  low  energy  electron  diffraction  (LEED) , 
temperature  programmed  desorption  (TPD) ,  and  Auger 
electron  spectroscopy  (AES).  The  Ni(100)  sample  wafer 
was  Ar* -sputtered  and  then  annealed  before  each  exper¬ 
iment  to  produce  a  clean,  well-ordered  surface.  In 
some  experiments  the  sample  was  exposed  at  room  temg 
perature  to  a  saturation  dose  of  500  s  of  0«  at  10 
Torr.  The  sample  was  then  pulled  into  a  second  cham¬ 
ber  which  was  backfilled  with  purified  Ar.  A  ~300  p\ 
drop  of  10  mM  AGIO.  was  placed  on  a  horizontal  Pt  disk 
counterelectrode  with  a  central  Pd-H  reference.  The 
front  face  of  the  Ni(lOO)  sample  was  contacted  with 
this  drop  under  potentiostatic  control  at  1.05  V  vs. 
RHE.  A  digital  coulometer  recorded  the  charge  passed 
upon  contact.  AC  impedance  measurements  were  made  via 
a  fast  fourier  transform  technique  with  a  PAR  173/276 
potentiostat  and  a  HP  5420A  digital  signal  analyzer 
interfaced  to  a  microcomputer.  The  coherence  function 
was  calculated  to  check  the  self-consistency  of  the 
impedance  data-  After  all  liquid  was  drained  from  the 
cell,  the  chamber  was  evacuated  and  the  sample  re¬ 
turned  to  the  main  chamber  for  analysis. 

Results  and  Discussion.  Fig.  1  compares  0(ls)  XPS 
data  for  the  a)  UHV-grown  oxide  and  the  b)  water- 
rinsed  and  c)  unrinsed  passive  layers  formed  at  1.05  V 
RHE.  The  gas-phase  oxide  yields  a  single  0(ls)  compo¬ 
nent  at  529.5  eV  corresponding  to  NiO.  Nuclear 
reaction  studies  have  established  the  thickness  of 
this  UHV-saturated  oxide  as  2-3  layers  [1].  LEED 
shows  the  presence  of  small  ordered  domains  with 
NiO(lOO) I INi(100) .  The  rinsed  and  unrinsed  passive 
layers  show  the  same  size  NiO-type  0(ls)  component  as 
the  UHV  film.  The  rinsed  layer  gives  an  additional 
small  0(ls)  component  at  531.6  eV  which  disappears 
upon  heating  to  700  K.  Kim  and  Winograd  [2]  have 
shown  that  both  nickel  hydroxide  and  Ni^O,  giy«  0(ls) 
signals  at  this  energy.  Heating  the  rinaSd  passive 
layer  to  700  K  removes  the  0-H  stretching  mode  seen  in 
HREELS  at  3720  cm"  and  evolves  gaseous  Oj  seen  in 
TPD,  suggesting  that  both  hydroxyls  and  a  higher  nick¬ 
el  oxide  are  present  as  minority  components  in  the 
passive  layer.  The  unrinsed  passive  layer  gives  third 
0(ls)  component  at  532.1  eV  due  to  nonvolatile 
Ni(C10.)  corrosion  products  left  behind  upon  evapora¬ 
tion  of  the  electrolyte. 

The  LEED  pattern  of  the  rinsed  passive  layer 
gives  strong  diffuse  intensity  plus  very  weak,  broad 
spots  ascribable  to  (111)  NiO  [3].  The  passive  layer 


is  thus  largely  amorphous,  but  contains  minor  elements 
of  an  epitaxy  different  from  that  which  we  observed 
for  the  gas-phase  oxide.  The  UHY-oxidized  surface, 
after  contact  with  electrolyte  at  1.05  V,  yields  the 
same  XPS  and  HREELS  spectra  as  the  passivated  clean 
surface.  However,  LEED  still  shows  the  same,  albeit 
weakened,  NiO (100)  symmetry  which  was  seen  before 
electrolyte  contact.  Thus,  electrochemical  passiva¬ 
tion  causes  chemical,  but  not  complete  structural, 
modification  of  the  UHV-grown  oxide. 

Contact  of  the  clean  surface  with  electrolyte  at 
1.05  V  gives  anodic  charge  transients  corresponding  to 
the  oxidation  of  7  layers  of  Ni(0)  to  Ni(II)  within  30 
s  and  12  layers  within  10  min  (steady-state  passive 
current  subtracted) .  Since  these  values  far  exceed 
the  amount  of  oxygen  shown  by  XPS,  the  current  effi¬ 
ciency  for  passivation  is  low.  In  contrast,  the  UHV- 
oxidized  surface  gives  transients  of  only  0.7  layers 
(30  s)  and  1.5  layers  (10  sin).  Thus,  little  charge 
is  needed  to  convert  the  UHV-grown  NiO  into  a  complete 
passive  layer. 

Figures  2  and  3  show  Bode  plots  of  experimental 
impedance  data  (dots)  at  1.05  V  and  calculated  fits 
(z’s  and  a’s)  of  models  for  clean  and  UHY-oxidized 
Ni(lOO),  respectively.  Thj  similarity  of  the  imped¬ 
ance  data  and  the  ~3  pk/cmT  DC  passive  currents  mea¬ 
sured  for  both  surfaces  demonstrate  the  near¬ 
equivalence  of  the  electrochemical  properties  of  the 
films,  despite  the  different  elements  of  epitaxial 
order  attested  to  by  LEED.  T^e  double  layer  capaci¬ 
ties.  C,  of  18  and  20.8  pF/cm*  are  identical  within 
experimental  reproducibility.  An  Rs+(R  IIC)  analysis 
(R  and  R  are  the  solution  and  charge  transfer  resis¬ 
tances)  of  the2UHY-oxidized  surface  data  yields  an  R 
of  1.1x10?  Tbe  cle&n  surface  data  yields  p 

R  ^^xlO5  Bern  ;  loss  of  data  coherence  at  low 
fPeouencies  prevents  determination  of  anything  more 
than  a  lower  limit  for  R  .  The  data  show  a  suppres¬ 
sion  of  the  phase  angle  Eaximum  relative  to  that  for 
the  calculated  models,  despite  the  use  of  a  single 
crystal  sample  which  should  minimise  the  roughnec? 
elements  and  inhomogeneities  often  invoked  to  explain 
such  effects.  A  possible  explanation  for  the  low 
phase  angles  lies  in  an  alternate  model:  Rg*(W^IIC), 
where  is  a  finite-diffusion  Warburg  impedence.  The 
a  (Warburg)  and  K  (thin-layer)  parameters  [4]  for  this 
model  (assuming  only  one  important  diffusing  species) 
listed  in  the  figure  captions  give  z’s  and  a’s  on  the 
same  curves  as  the  RgR  C  models  shojn.  ^or  a9ucous 
diffusion  (dif fusionSc8nstant  D"*10  cm  /s)  these 
parameters  yield  unphysically  low  values  of  the  diffu¬ 
sion  layer  thickness  6  and  the  AC  component  of  the 
surface  concentration  c  -  However,  if  one  takes  as  6 
the  ~10  A  passive  layer  thickness  indicated  by  the 
vacuuy^spegtroscopies ,  then  the  K  and  a  values  imply 
D=10  c^g/s  ^plausible  for  a  largely  amorphous  film) 
and  c  =10  /cm  .  The  mathematically  more  complex 
inclusion  of  a  second  diffusing  species  with  a  slight¬ 
ly  different  D  might  account  for  the  observed  suppres¬ 
sion  of  the  phase  angle  maximum  [4] .  Whatever  the 
physical  interpretation  of  the  low-frequency  data,  the 
very  ^igh  impedance  magnitudes,  compared  to  the  3-4 
pAfca  passive  currents,  show  that  there  cannot  be  a 
simple  relationship  between  the  impedance  data  and  the 
kinetics  of  the  passive  dissolution  process  (which 
would  appear  to  be  almost  completely  independent  of 
small  potential  changes  around  1.05  V  RHE).  Work  at 
other  potentials  should  give  better  access  to  kinetic 
parameters . 
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Fig.  1.  Oxygen  (Is)  XPS  data  for  a)  UHV-grown  oxide  on 
Ni(100)  (dots),  b)  water-rinsed  passive  layer 
formed  at  1.05  V  RHE  in  10  mM  HC104  (solid 
line),  and  c)  unrinsed  passive  layer  (broken 
line).  Al  Ka  radiation,  50  eY  pass  energy. 
Peak  at  520  eV  is  satellite  due  to  Kfl^  X-rays. 
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Fig.  2.  Bode  plot  of  impedance  data  for  clean  Ni(100) 
passivated  and  analyzed  at  £.05  V  RHE  in  10  mM 
HCIO^,  contact  area  0.35  cm  (plotted  as 
individual  points  which  overlap  to  form 
continuous  curves  in  some  regions) ;  and  model- 
calculated  values  of  impedance  magnitude  (s’s) 
and  phase  angle  (a’s).  Model  parameters:.. 

(1)  Rs=250  Q,  C=18  pF/cm  ,  R  =2.2x10°  Gem  ;  or 

(2)  R  =250  0,  C=18  /lF/ca2,  a=8xlOS  Qcm2s1/2, 
K=0. 8  s1/2. 
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Fig.  3.  Bode  plot  of  impedance  data  for  UHY-oxidiaed 
Ni  Cl  00)  analyeed  at  1.05  V  RHE  in  10  mil  HC10 
contact  area  0.35  cm  Model  parameters’  ~ 
(1)  Rb=195  0,  C=20.8  pF/cm  ,  R  =l.lxl05  Qcm2; 
or  (2)  R  =185  Q,  C=20.8  pF/cm2, 
a=4x!05  QcmV/2,  K=0.8  s1^2. 


Abstract  No.  18^ 


EFFECT  OF  DIFFUSION  LAYER  STRUCTURE  ON 
THE  DETERMINATION  OF  CORROSION  RATES 
FROM  DC  TRANSIENT  MEASUREMENTS 


Z.  Nagy,  P.  J.  Hernes*,  M.  Minkoff, 

G.  K.  Leaf,  and  R.  H.  Land 

Argonne  National  Laboratory 
Divisions  of  Materials  Science,  Chemical  Technology, 
and  Mathematics  and  Computer  Science 
Argonne,  Illinois  60439-4837 


In  the  theory  of  electrochemical  transient  measurements, 
the  equation  describing  the  relaxation  of  the  system  after  the  ap¬ 
plication  of  the  measuring  pulse  is  invariably  obtained  by  solving 
a  set  of  partial  differential  equations  of  the  type: 

3c;(M)  _  »c;(,.q 

dt  ’  9z>  (1) 

with  the  following  initial  And  boundary  conditions: 


c;(*,o  =  c„ 

c;(x,ihc„ 

ggfllQ  a Ml 

dt  "  nF Dj 1 


for  *  >  0,  t  -  0 
for  t  >  0 

for  t  --  0,  t  >  0 


(2) 

(3) 

w 


at  the  same  rate.  (It  is  usually  assumed  that  the  rates  of  the 
reverse  reactions  are  negligible.)  Under  these  conditions,  while 
there  is  no  net  current  flowing  through  the  system,  there  is  a 
net  chemical  change  taking  place:  the  corrosion  of  the  metal. 
Therefore,  there  must  be  a  continuous  flux  of  reactants  to,  and 
a  flux  of  produ.  *s  away  from  the  surface.  Consequently,  even  in 
steady  state,  there  are  concentration  gradients  which  are  pro¬ 
portional  to  the  corrosion  rate,  as  expressed  by  Eq.  4.  Then, 
however,  the  initial  condition  expressed  by  Eq.  2  is  not  fulfilled. 

Furthermore,  the  corrosion  is  a  steady  state  process  occur- 
ing  over  a  long  period  of  time,  and  it  can  not  be  assumed  that 
convection  does  not  play  a  role  in  the  mass  transport.  The  sim¬ 
plest,  but  often  correct,  model  to  describe  the  system  is  the 
Nernstian  diffusion  layer.  Nernsl  assumed  that  the  mass  trans 
port  occurs  solely  by  diffusion  in  a  thin,  hydrodvnamically  stag 
nant,  solution  layer  on  the  electrode  surface,  while  outside  of  this 
layer,  convection  occurs  and  it  is  the  predominant  mode  of  mass 
transport.  Then,  under  steady  state  conditions,  there  must  be  a 
linear  concentration  gradient  of  all  reacting  species  within  this 
layer  (called  the  diffusion  layer),  while  a  uniform  bulk  concentra¬ 
tion  exists  in  the  convection  areas.  A  schematic  representation 
is  shown  in  Fig.  1.  Such  a  situation  can  exist  even  in  seemingly 
stagnant  solutions  because  there  is  always  some  convection  gen¬ 
erated  by  unavoidable  vibrations  as  well  as  concentration  and 
density  fluctuations.  The  only  effect  of  mechanical  agitation  or 
solution  flow  is  to  make  the  diffusion  layer  thinner.  Then,  the 
initial  and  boundary  conditions  should  be  written  as. 


where  C*  stands  for  the  concentration  of  the  species  taking  part 
in  the  surface  reaction;  this  concentration  is  a  function  of  the 
distance  from  the  electrode  surface  (*)  and  of  time  (t). 
stands  for  the  diffusion  coefficient,  n  is  the  number  of  electrons 
transferred  in  the  reaction,  F  is  the  Faraday  constant,  and  if  is 
the  Faradaic  current  density. 

The  initial  condition  states  that,  before  the  application  of 
the  measuring  pulse,  the  concentration  of  all  species  at  the  elec¬ 
trode  surface  is  the  same  as  their  bulk  concentration  (C;).  The 
first  boundary  condition  states  that  at  a  certain  distance  from 
the  electrode  surface  (£)  the  concentration  of  all  species  remains 
equal  to  the  bulk  concentration  at  all  times.  This  distance  is 
usually  considered  to  be  so  large  that  for  all  practical  consider¬ 
ations  it  is  infinity.  The  second  boundary  condition  expresses 
the  equivalence  of  the  rate  of  the  surface  reactions  (expressed  as 
the  Faradaic  current  density)  and  the  diffusion  fluxes. 

These  conditions  are  correct  for  a  typical  redox  reaction  of 
O  nr  =  H.  In  the  investigation  of  this  reaction,  the  mea¬ 
surement  starts  from  equilibrium,  where  the  oxidation  of  R  and 
the  reduction  of  O  occur  at  the  same  rate:  therefore,  no  net 
current  is  flowing  and  no  net  chemical  change  is  taking  place 
before  the  application  of  the  measuring  pulse.  Furthermore,  the 
measurement  is  being  carried  out  in  such  a  short  time  scale  that 
convection  does  not  interfere  with  the  diffusional  mass  transport, 
and  b  can,  indeed,  be  set  to  infinity. 

The  situation  is  completely  different  for  a  corroding  elec¬ 
trode  because  a  corroding  metal  is  not  in  equilibrium,  only  in 
a  steady  state.  Two  distinctly  different  partial  reactions,  the 
dissolution  of  the  metal  +  ne)  and  the  reduction  of 

a  component  of  the  environment  (e.g.,  2JJ*  *  2e  — ♦  //j),  occur 
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c;(*,t)  =  c;(o,o)t 


Cj-c;(  o,°) 

- f-  X. 

c;(x,t)  =  c„ 


=  .c(o 

dx  nFD}' 


for  0  <  x  <  S,  t  zs  0(5) 
for  *  >  4,  t  >  0  (6) 

for  x  ~  0,  t  >  0  (7) 


where  ic  is  the  cathodic  partial  current  density.  For  a  corroding 
metal,  only  the  differential  equation  relating  to  the  reducible 
species  must  be  solved  since  the  metal  dissolution  is  not  affected 
by  mass  transport. 

Under  these  conditions,  the  differential  equation  can  be 
solved  only  by  numerical  methods.  A  series  of  calculations  was 
carried  out,  for  both  galvanostatic  and  potentio6tatic  pulses,  to 
compare  the  relaxation  curves  calculated  using  Fq  2-4  with 
those  calculated  using  Eq.  5-7.  The  main  variables  affecting  the 
results  were  found  to  be  the  ratio  of  the  corrosion  current  den¬ 
sity  to  the  limiting  diffusion  current  density,  the  polarization, 
and  the  cathodic  Tafel  slope.  Some  examples  of  the  deviation 
between  these  calculated  relaxation  curves  as  a  function  of  these 
variables  are  shown  in  Fig.  2-3  for  potentiostatic  transients.  The 
consequences  of  this  effect  for  the  determination  of  corrosion 
rates  from  electrochemical  transient  measurements  will  be  pre¬ 
sented  and  discussed. 
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Schematic  representation  of  the  concentration  distribu¬ 
tion  in  the  diffusion  layer  for  different  ratios  of  tcorr/*f. 
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Absolute  value  of  the  deviations  between  the  calculated 
relaxation  curves  as  a  function  of  iCOrr/ii  at  a  polariza¬ 
tion  of  100  mV,  ba  —  0.06  V,  and  be  -  0.60  V. 


Fig.  3.  Absolute  value  of  the  deviations  between  the  calcu¬ 
lated  relaxation  curves  as  a  function  of  polarization  at 
if0tr/il  -  0.99  and  ba  -  0.06  V'. 
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1.  Introduction: 

To  overcame  the  difficulty  of  brazing  technique, 
it  is  being  proposed  that  the  firesnains  on  the  new 
ships  be  of  all  welded  ccnstruction.  Since  copper- 
nictel  alloys  for  marine  usage  are  superior  to  other 
alloys,  two  cast  alloys  were  chosen  for  intensive 
evaluation:  a  standard  cast  70/30  ccpper-nickel 

alloy,  modified  with  niobium  (UNS  C96400)  (1),  and  a 
nonstandard  chromium  modified  cast  70/30  ccpper- 
nickel  alley  (IN  768)  (2) .  A  study  of  the  foundry 
characteristics,  weldability  and  mechanical 
properties  of  these  allays  showed  that  both  alloys 
are  satisfactory  to  specifications  (3) . 

Electrochsaical  impedance  technique  is  adequate 
to  study  corrosion  of  these  passivated  alloys.  It 
can  be  best  achieved  by  avoiding  potent  ics tat  ic  or 
galvanostatic  control,  thus  leaving  the  metallic 
surface  under  study  free  to  find  its  natural 
equilibrium  with  the  environment.  When  the  corrosion 
processes  are  happening  uniformly  on  the  surface  and 
when  this  surface  is  passivated,  a  valid  correlation 
can  be  obtained  between  the  charge  transfer 
resistance  and  the  resistance  of  the  alloy  to 
corrosion. 

However,  fast  analysis  of  impedance  curves  is 
still  v  problem.  Ccrplex  curve  fit  (4)  and  graphical 
methods  (5,6)  are  not  sinple,  fast  or  easy  to  use.  A 
geometric  extrapolation  technique  (7)  combined  with 
permutation  of  the  data  point  has  been  developed. 
This  technique  makes  use  of  each  point  of  the 
diagram.  Rejection  criteria  can  be  used  to  eliminate 
points  outside  of  the  RC  semicircle. 

2.  Discussion: 

The  method  of  analysis  consists  of  finding  the 
centre  of  an  arc  formed  by  three  data  points  on  the 
ccnplex  impedance  diagram  (7) .  This  analytical 
technique  was  first  designed  to  follow  the  corrosion 
current  (via  Rp)  of  a  prepassivated  alloy  under 
hydrodynamic  conditions  especially  during  fast 
changes  of  the  irtpedance  (8) . 

Refinement  of  the  technique  has  been  achieved 
first  to  obtain  an  error  evaluation  on  the 
extrapolated  centre  (9)  and  ail  so  to  make  the  best  use 
of  the  full  impedance  diagrams.  A  permutation 
technique  that  compares  each  point  with  its  first, 
second,  etc...,  neighbor  generates  a  large  number  of 
centers'  values  from  which  a  standard  deviation  is 
obtained.  A  simple  rejection  technique  has  been  used 
to  eliminate  the  data  that  are  not  part  of  the 
semicircle  created  by  the  impedance  diagram. 

Figure  1  and  2  shows  the  impedance  diagram 
obtained  with  the  70-30  Cu-Ni  alloy  containing 
niobium  and  the  alloy  containing  chromium 
respectively,  in  the  same  conditions.  If  a  histogram 
is  made  with  the  values  of  Rp  obtained  with  the 
permutation  technique  previously  described,  a  clear 
difference  between  the  two  alloys  can  be  made  as 
shown  in  figure  3  and  4.  A  much  larger  distribution 
of  the  data  is  systematically  observed  in  the  case  of 
the  chromium  alloy.  Another  parameter  which 
differentiates  the  two  alloys  is  the  depression  of 


the  semicircle.  Typical  values  for  Ip  and  for  the 
depression  of  the  semicircle  are  shown  in  Table  1  for 
the  tWD  allays.  It  can  be  noticed  that  the 
depression  is  always  more  important  for  the  chromium 
alloy  than  for  the  niobium  alloy  even  though  Ip  is  in 
the  same  order  of  magnitude. 

This  depression  of  the  semicircle  has  often  been 
attributed  to  surface  heterogeneity  caused  by  a 
distribution  of  the  reaction  rate  with  the  location 
on  the  electrode  surface  (10).  Figure  5  shows  a  SEM 
(seaming  electron  microscope)  micrograph  of  the 
electrode  surface  after  10  days  in  3%  NaCl  solution. 
Intergranular  corrosion  appears  to  be  an  important 
cause  of  corrosion  for  this  alloy  whereas  uniform 
corrosion  is  likely  to  happen  with  usual  Cu-Ni  allays 
in  those  conditions.  However,  there  is  conoem  with 
respect  to  crevice  and  preferential  corrosion  related 
to  the  casting  procedure  for  chromium  modified  Cu-Ni 
alloys.  The  general  corrosion  rate  for  this  type  of 
alley  is  usually  less  them  0.05  rnn/y  as  it  is 
measured  in  this  study. 

3.  Conclusion: 

It  can  be  shewn  that,  by  using  an  appropriate 
analysis  technique,  localized  corrosion  can  be 
suspected  if  not  detected  with  A.C.  impedance,  1) 
from  the  depression  of  the  semicircle  and  2)  from  the 
dispersion  of  the  extrapolated  centre. 


Table  1.  Comparison  of  the  data  obtained  for  the 
two  alloys. 


70-30  Cu-Ni 

Rp  s 

angle 

s 

(Ohms. cm2)  % 

(Deg.) 

% 

(Nb)  rest 

47400 

15 

22 

13 

(Nb)  rotation 

18900 

5 

21 

12 

(Nb)  rest 

55100 

12 

22 

11 

(Cr)  rest 

41900 

45 

32 

10 

(Cr)  rotation 

10100 

14 

28 

10 

(Cr)  rest 

39200 

22 

31 

7 
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Introductiop 

The  excellent  corrosion  resistance  of  amorphous  iron-chromium  alloys 
containing  phosphorus  as  a  major  metalloid  is  well  known  /1 ,21. 
According  to  Hashimoto  et  al.  the  role  of  phosphorus  is  to  accelerate 
the  dissolution  rate  in  the  active  range  of  the  alloys  thus  leading  to  a 
rapid  enrichment  of  the  passivating  species  in  the  alloy/solution- 
interlace  I3AI.  The  detailed  mechanism  of  the  active/passive-transition 
of  the  P-containing  alloys  has  not  yet  been  cleared,  though. 


The  impedance  spectroscopy  can  reveal  further  Information  about  the 
passivation  process.  Our  first  results  of  an  impedance  spectroscopy 
study  on  amorphous  Fe-Cr-metalloid  alloys  show  that  phosphorus 
modifies  the  mechanism  of  the  active/passive-transition  /5,6/.  The 
passivation  of  the  amorphous  phosphorus-free  boron-containing  alloys 
takes  place  through  a  mechanism  similar  to  that  found  tor  the  crystalline 
steels. 


Experimental 

The  investigated  amorphous  alloys  were  Fe-10Cr-l3B-7C  .  -13B-7P. 
-13P-7B  and  -13P-7C,  respectively.  The  alloys  were  prepared  by  melt¬ 
spinning  and  were  in  form  of  ribbons.  As  a  reference  material  a 
commercial  17  %  Cr  steel  was  used.  The  alloys  were  electrochemically 
characterized  by  polarization  measurements  and  impedance  spectra 
in  1  N  H2SO4  and  1  N  HCf.  For  experimental  details  see  /5.7/. 


The  dissolution  rate  in  the  active  range  of  the  alloys  is  very  strongly 
accelerated  through  addition  of  phosphorus  (  Table  1. ).  Alloying  with 
boron,  on  the  other  hand,  decreases  the  dissolution  rate.  This 
behaviour  is  due  to  differences  in  the  kinetics  of  the  cathodic  reaction. 
Phosphorus,  on  the  contrary  to  boron  which  retards  the  hydrogen 
evolution  reaction  rate,  very  strongly  accelerates  this  reaction.  The 
dissolution  rate  of  the  P-containing  alloys  Increases  with  time.  This  is 
combined  with  a  formation  of  a  black  surface  film,  which  further  on  very 
strongly  accelerates  the  cathodic  reaction.  The  formation  of  the  black 
film  leads  to  high  capacitance  values  suggesting  a  high  porosity  of  the 
film  (Fig.  1).  The  surface  of  the  P-containing  alloys  is  covered  by  the 
black  film  till  about  E  -  +200  mV  SCE.  The  XPS  measurements  suggest 
an  Iron-phosphate  film. 

The  Impedance  measurements  show  that  the  passivation  of  the  P- 
containing  aljoys  takes  place  in  two  stages.  The  first  current  decrease  is 
due  to  blocking  of  the  surface  through  the  iron-phosphate  pre-passive 
layer.  The  final  passivation  takes  place  in  the  pores  of  this  pre-passive 
layer.  The  gradual  passivation  of  the  metal  In  the  pores  leads  to 
increasing  values  of  the  normalized  charge-transfer  resistance  and  to 
decreasing  capacitance  values  (Fig.  2).  The  formation  of  the  passivating 
chromium  oxide  layer  is  facilitated  through  an  enrichment  of  chromium 
ions  In  the  pore  electrolyte. 

The  dissolution  rate  in  the  passive  range  strongly  decreases  with 
increasing  phosphorus  content  and  with  decreasing  boron  content  of 
the  alloys  (Table  2. ).  Further  on,  only  the  alloys  with  13  %  phosphorus 
can  be  passivated  in  1  N  HCI.  The  XPS  measurement  si»owed  that  both 
oxidized  boron  and  phosphorus  get  incorporated  in  the  passive 
film.The  oxidized  boron  species  possess  a  low  stability  In  the  passive 
range  of  the  alloys  and  thus  lower  the  resistance  of  the  passive  film.  The 
incorporated  phosphorus  as  phosphates  can  lower  the  mobility  of  the 
anions  In  the  film  and  thus  make  it  more  resistant  aaainst  Cl*- 
attack. 


References  : 

1 .  K. Hashimoto,  T.  Masumoto  :  Mat.  Sci.  and  Eng.  23  (1976) 
285-288 

2.  K.  Hashimoto,  K.  Osada,  T.  Masumoto.  S.  Shimodaira  :  Corr.  Sci. 
16  (1976)  71-76 

3.  K.  Asami,  K.  Hashimoto.  T.  Masumoto.  S.  Shimodaira  :  Corr  Sci 
16  (1976)  909-914 

4.  M.  Naka,  K.  Hashimoto,  T.  Masumoto  :  J.  Non.Cryst.  Solids  28 
(1978)404-413 

5.  B.  Elsener.  S.  Virtanen,  H.  Bohni  :  Electrochim.  Acta  32  (1987) 
927-934 

6  S.  Virtanen,  B.  Elsener,  H.  Bohni :  Proc.  Eurocorr  87,  Karlsruhe 
1987,  763-765 

7.  B.  Elsener,  H.  BOhni  :  Werkstoffe  und  Korrosion  35  (1984) 
501-51 


Table  1 .  Polarization  resistances  at  the  corrosion  potential 


Material 

Rd  (ohm  cm2) 

1  NH2SO4 

1  NHCI 

Fe-l7Cr.  cryst. 

17 

7*1) 

11 

382) 

Fe-10Cr-13B-7C 

57 

580 

82 

970 

Fe-10Cr-13B-7P 

24 

17 

17 

6 

Fe-10Cr-13P-7B 

68 

8 

23 

6 

Fe-10Cr-13P-7C 

1000 

51 

466 

18 

1)  1 .  Measurement 

2)  2.  Measurement 


Table  2.  Polarization  resistances  in  the  passive  range 


Material 

Rd  (kohm  cm2' 

1  NH2SO4 

1  NHCI 

Fe-17Cr,  cryst. 

80 

Fe-10Cr-13B-7C 

20 

* 

Fe-l0Cr-13B-7P 

65 

Fe-1 0CM3P-7B 

80 

15 

Fe-10Cr-13P-7C 

130 

— 

57 

*  cannot  be  passivated  in  1  N  HCI 
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Non-steady-state  regime  at  a  Rotating  Ring  Disk 
Electrode  is  able  to  supply  valuable  data  on  the  tine 
dependent  balance  of  charges  trapped  on  the  disk 
surface  by  adsorption  or  film  growth  (1).  In  the  fre¬ 
quency  domain  the  information  is  drawn  from  the 
simultaneous  measurement  of  the  frequency  dependent 
complex  collection  efficiency  N (co)  =  AId(uj)/AIq(o-) 
and  of  the  faradaic  impedance  of  the  disk  Zp  q.  This 
is  one  of  the  fields  of  application  of  multi-channel 
transfer  function  analyzers  to  corrosion.  Experimental 
details  were  published  previously  (2).  This  paper 
reports  recent  data  on  the  active-passive  transition 
of  Fe,  Fe-7Cr  and  Fe-22Cr  alloys. 

GENERAL  BACKGROUND 


According  to  a  generally  accepted  model  passiva¬ 
tion  involves  the  anodic  formation  of  a  surface  film. 
Due  to  simultaneous  dissolution  and  passivation  Zf,d 
does  not  provide  a  straightforward  information  on  the 
film  forming  process.  Charge  balance  on  the  disk 
surface  can  be  generally  expressed  as  : 

iB  ■  WE>Q)  +  ft  in 

Iq  :  disk  current,  :  flux  of  species  generated  at 
the  disk,  ng  the  number  of  electrons  exchanged  and 
Q  the  charge  stored  at  the  surface. 


Linear  form  of  [1]  under  a.c.  polarisation  of  the 
disk  gives  : 

V  5  =  "dFN°W  =  '  '  (°  m 

Nq(oj)  =  A$D/Ai  =  kinetic  component  of  the  collection 
erf iciency uis  u  obtained  by  correcting  N(a)  for  the 
transport  contribution  (2).  Charge  conservation  in  the 
low  frequency  limit  (w  -*•  0)  leads  to  ngFNg(0)  =  1. 


By  introducing  the  faradaic  impedance  of  the  disk 
[2]  becomes  : 


n0FN0(,J,) 


AQ 

1  aT 


F.D 


From  [3]  the  frequency  dependence  of 
gained  at  any  potential  providing  an 
of  the  kinetics  of  film  formation. 


13] 

^3  (m)  can  be 
"*Laccurate  view 


RESULTS 


Fig.  1  to  3  display  the  complex  plot  of  2FNg(  ..) 
(ng  =  2)  for  Fe,  Fe-7Cr  and  Fe-22Cr  alloys  in  the 
vicinity  of  the  Flade  potential  ( AIq/ AEq  <  0).  In 
agreement  with  theoretical  predictions  u(2),  for  a 
passivation  process  jm  -Ng (u)  >  0  . 

2FNgU)  is  close  to  1  for  iron  as  expected  while 
it  decreases  as  Iq  is  increased  for  Fe-Cr  alloys 
showing  a  higher  contribution  of  Cr  to  dissolution. 

At  the  same  time  the  diagrams  are  shifted  upwards 
under  the  influence  of  dissolution.  Fe-7Cr  exhibits 
clearly  a  second  loop  at  HF  located  above  the  real 
axis.  This  establishes  the  existence  of  two  distinct 
charge  storing  coverages,  one  involved  in  passivation 
(ffm.Nglu)  >0),  the  other  one  in  the  dissolution 
mechanism  <  0). 


Fig.  4  shows  an  example  of  data  processed  accor¬ 
ding  to  Eq [ 3 ]  for  Fe.  The  complex  plot  of  (aQ/1E).(*) 
is  a  semi-circle  according  to  : 


[4] 


This  result  directly  supports  the  basic  assump¬ 
tion  of  the  kinetic  model  used  in  the  impedance  deri¬ 
vation.  Values  of  (AQ/AEq)  (0)  when  compared  to  the 
faradaic  capacitances  deduced  from  Zp.g  allow  to  esti¬ 
mate  the  relative  weight  of  dissolution  and  passivation. 
Integration  of  (AQ/AEg)  (0)  over  a  given  range  of  Eq 
yields  the  total  increment  of  charge  consumed  in  the 
film  growth. 
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Fig.l  :  Dimensionless  kinetic  collection  efficiency 
relative  to  the  disk- Iron. 


Fig.  2  :  Identical  to  Fig.  1.  Fe-7Cr  alloy. 
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Fig.  3  :  Identical  to  Fig.  1.  Fe-22  Cr  alloy. 


Fig.  4  :  (aQ/aEq)  for  iron  calculated  from  Eq[3). 
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Introduction 

It  has  been  shown  previously  (1,2)  that  immersion  of 
Al  606 1/S iC  in  1000  ppm  CeCl3  produces  changes  in 
the  protective  oxide  film  which  make  the  surface 
much  more  resistant  to  pitting.  Electrochemical 
impedance  spectroscopy  (CIS)  was  used  to  monitor  the 
passivation  and  the  corrosion  processes.  A  model 
has  been  developed  which  describes  the  observed  im¬ 
pedance  behavior  as  pitting  initiates  and  pits  prop¬ 
agate  (1-4).  Further  work  has  shown  that  passiva¬ 
tion  can  also  be  achieved  for  other  Al  alloys  and 
Al-based  metal  matrix  composites.  In  additional 
experiments  immersion  in  NiCl2  has  been  evaluated  as 
passivation  process.  Surface  analysis  with  scanning 
Auger  microscopy  (SAM)  has  been  used  to  determine 
the  composition  of  the  films  formed  by  chemical 
passivation. 

Experimental  Approach  and  Results 

Passivation  in  CeCl3  has  been  carried  out  for  Al 
7075  in  the  T6  and  the  T73  condition,  Al  6061,  Al 
6061/SiC  (25  v/o  of  10-^  particulates)  and  Al  6061/ 
graphite  (55  v/o  of  P  100  graphite  fibers,  cladded 
with  a  50  gm  face  sheet).  Immersion  at  the  open- 
circuit  potential  was  carried  out  for  one  week  in 
most  cases.  During  this  time  ElS-data  were  col¬ 
lected  on  a  daily  basis.  The  corrosion  tests  were 
carried  out  in  0.5  N  NaCl,  open  to  air,  until  pit¬ 
ting  occurred  as  indicated  by  significant  changes  in 
the  impedance  spectra  and  by  visual  observation.  It 
was  noted  that  the  surface  preparation  was  an  impor¬ 
tant  factor  in  the  passivation  process.  Tests  were 
therefore  conducted  for  samples  which  were  degreased 
only  and  samples  which  were  degreased  followed  by 
alkaline  cleaning  and  deoxidizing. 

Fig.  1  shows  Bode-plots  for  untreated  and  passivated 
Al  6061  as  a  function  of  exposure  time  to  NaCl.  For 
the  untreated  sample  impedance  spectra  which  are 
characteristic  of  the  pitting  process  were  observed 
already  after  only  one  day.  These  spectra  show  a 
decrease  of  the  impedance  in  the  capacitive  region 
as  pits  grow  and  a  transmission  line  type  frequency 
behavior  at  the  lowest  frequencies.  The  spectra  in 
Fig.  1  can  be  fitted  to  the  model  discussed  pre¬ 
viously  (1-4)  as  shown  in  Fig.  2,  where  Rs  is  the 
solution  resistance,  Rp  the  polarization  resistance 
of  the  passive  film,  Ct  the  total  measured  capaci¬ 
tance,  Rpit(eff)  =  Rpit/F  the  polarization  resis¬ 
tance  of  the  pit,  n  the  slope  of  the  impedance  curve 
at  the  lowest  measured  frequencies  and  FK  a  parame¬ 
ter  of  the  transmission  line  impedance.  F  is  the 
fraction  of  the  surface  for  which  pitting  has  oc¬ 
curred.  So  far  it  has  not  been  possible  to  obtain 
the  values  of  Rpit  and  F  separately  from  the  fit. 
Excellent  agreement  between  the  experimental  and  the 
fitted  data  is  observed.  For  the  passivated  sample 
(Fig.  1),  the  impedance  spectra  did  not  change  for 
one  month  which  indicates  that  the  surface  was  very 
stable  and  did  not  suffer  from  localized  attack. 
For  this  sample  pitting  did  not  occur  for  90  days 
immersion  in  NaCl  as  shown  in  Table  1  which  gives  a 
summary  of  the  tests  with  passivation  in  CeCl3. 


A  comparison  of  the  times  at  which  pitting  was  first 
indicated  by  pronounced  changes  in  the  impedance 
(Table  1)  shows  that  the  passivation  process  is  very 
effective  for  Al  7075 -T6,  but  not  for  the  T73  treat¬ 
ment.  Similar  problems  have  been  observed  for  con¬ 
version  coatings  in  salt  spray  tests  and  have  been 
explained  by  the  presence  of  Cu  precipitates  as  a 
result  of  the  T73  heat  treatment.  For  Al  6061  it 
was  found  that  the  removal  of  the  natural  oxide  film 
makes  the  passivation  process  in  CeCl3  less  effect¬ 
ive.  A  sample  which  was  degreased  only  before  pas¬ 
sivation  did  not  pit  in  NaCl  for  90  days,  while  the 
sample  which  was  deoxidized  before  the  passivation 
process  pitted  in  less  than  3  days.  However,  for 
this  sample  it  was  found  that  immersion  in  CeCl3  for 
1  month  improved  the  corrosion  resistance  of  the 
passive  film  significantly.  For  Al/SiC  pitting  did 
not  occur  for  90  days;  however,  crevice  corrosion 
was  observed  under  the  0-ring  used  in  the  test  cell. 
Similar  problems  had  been  found  earlier  with  ano¬ 
dized  samples  (5).  Since  crevice  corrosion  never 
occurred  for  any  of  the  other  samples  tested,  it  can 
be  assumed  that  it  is  due  to  the  SiC  particulates  at 
the  surface.  For  Al /graphite  pitting  did  not  occur 
for  40  days  which  is  a  result  of  the  improved  corro¬ 
sion  resistance  of  the  Al  6061  face  sheet. 

Preliminary  results  of  the  SAM  study  have  shown  that 
the  films  formed  in  CeCl3  consist  mainly  of  mixed 
cerium  oxides  and  Al  oxides.  Aging  in  air  (espe¬ 
cially  at  elevated  temperatures)  converts  the  film 
into  Ce02  which  has  a  yellow  color.  The  corrosion 
resistance  of  this  film  is  being  determined  at 
present. 

The  next  step  in  this  on-going  study  will  be  an 
evaluation  of  the  passivation  process  in  other  rare 
earth  chlorides.  As  a  comparison  to  the  results  in 
CeCl3,  passivation  in  1000  ppm  NiCl2  has  been  used 
for  Al  6061.  In  Fig.  3  pitting  occurs  after  one  day 
immersion  in  NiCl2  as  indicated  by  the  low-frequency 
behavior  of  the  impedance  and  the  corresponding 
second  maximum  of  the  phase  angle.  Apparently,  pit¬ 
ting  attack  stops  during  further  immersion  in  NiCl2 
as  can  be  seen  from  the  changes  of  the  impedance 
between  the  first  and  seventh  day  of  exposure.  How¬ 
ever,  when  this  sample  was  immersed  in  0.5  N  NaCl, 
pitting  occurred  in  less  than  3  days. 

Conclusions 

Immersion  of  Al  alloys  and  Al-based  metal  matrix 
composites  in  CeClj  greatly  improves  their  corrosion 
resistance.  The  degree  of  improvement  depends  on 
the  alloy  chemistry,  presence  of  particles  such  as 
SiC,  surface  pretreatment  and  time  of  passivation. 
For  Al  7075-T6  passivation  in  CeCl3  produced  a  sur¬ 
face  with  a  corrosion  resistance  which  was  similar 
to  that  of  a  surface  treated  with  a  commercial 
chromate  conversion  coating. 

EIS  is  a  very  powerful  tool  for  the  monitoring  of 
the  passivation  as  well  as  the  corrosion  processes. 
The  type  of  corrosion  occurring  can  be  determined 
from  the  impedance  spectra  using  the  pitting  model 
(1-4).  Further  development  of  this  model  should 
allow  determination  of  pit  growth  rates  from  the 
values  of  Rpit  and  the  fraction  F  of  the  area  which 
is  pitted. 
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Table  1.  Times  for  Initiation  of  Pits  (tp>  and 
Crevices  (tc) 


Material 

Pretreatment 

t (day) 

Al 

7075-T6 

deoxidized 

*P 

>  24 

Al 

7075-T73 

deoxidized 

fcP 

<  1 

Al 

7075-T73 

degreased 

tp 

<  1 

Al 

6061 

deoxidized 

fcP 

«:  3 

Al 

6061  * 

deoxidized 

tP 

>  29 

Al 

6061 

degreased 

CP 

>  90 

Al 

6061/SiC 

deoxidized 

tP 

>  90 

tc 

<  8 

Al 

6061/Graphite 

deoxidized 

tP 

>  40 

*1  month  CeCl3  treatment. 


Fig.  I.  Bode-plots  for  untreated  and  passivated 

Al-6061  as  a  function  of  exposure  time  to 
0.5  N  NaCl . 


Fig.  2.  Experimental  impedance  data  and  fit  to 
model  for  passivated  A1  6061  after  one 
week  in  0.5  %'  NaCl  . 


Fig.  3.  Bode -plots  for  Al  6061  during  exposure 
in  1000  npm  NiCl2- 
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MECHANISM  FOR  THE  INITIATION  OF  ALUMINUM  ETCH  TUNNELS 


B.  J.  Wiersma  and  K.  R.  Robert 

Department  of  Chemical  Engineering 
Iowa  State  University 
Ames,  IA  50011 


Galvanostatic  etching  of  aluminum  in  a  hot 
aqueous  chloride  solution  produces  two  regularly 
shaped  and  reproducible  corrosion  structures.  Cubic 
etch  pits,  which  occur  due  to  dissolution  on  the  (100) 
crystal  planes,  initiate  at  sizes  between  0.1-1  pm. 

An  etch  tunnel  forms  as  the  sidewalls  of  an  etch  pic 
passivate  and  the  active  area  becomes  localized  at  the 
bottom  face  (1).  As  the  tunnel  penetrates  the  metal, 
the  sidewalls  are  continuously  passivated  so  that  the 
tunnel  width  remains  nearly  constant.  Since  the 
transition  from  cubic  to  linear  growth  is  accomplished 
hv  nassivation,  an  investigation  of  the  process  by 
which  etch  pits  transform  into  tunnels  may  lead  to  an 
understanding  of  the  repassivation  mechanism  in 
corrosion  pits  on  aluminum  in  chloride  solutions. 

The  etching  experiments  were  performed  with 
99.99  V,  aluminum  foil  in  1  N  HC1  at  65  °C.  A  constant 
anodic  current  of  10  mA/cm^  was  applied  and  potential 
transients  were  measured  with  respect  to  a  Ag/AgCl 
reference  electrode  positioned  far  away  from  the 
aluminum  surface.  Scanning  electron  microscopy  was 
used  to  determine  pit  and  tunnel  morphology. 

An  example  of  the  potential  transient  for  the 
first  100  ins  of  an  etching  experiment  is  shown  in 
Fig.  L.  Etching  phenomena  within  this  time  period 
have  been  studied  previously,  using  a  current  balance 
model  and  pit  size  distributions  measured  wiLli  SC-1 
(2).  During  the  first  28  ms,  etch  pits  nucleate 
rapidly  on  the  metal  surface,  and  no  passivation  takes 
place.  The  applied  current  is  supplied  by  capacitive 
charging  and  by  metal  dissolution.  At  28  ms,  the 
slope  of  the  potential  transient  changes  from  -150  V/s 
to  0  V/s  within  a  time  of  about  1  ms.  Since  the 
capacitance  is  9.6  pF/cm^,  the  metal  dissolution 
current  is  reduced  at  this  time  by  1.5  mA/cm  ,  or 
10  %,  in  order  to  maintain  the  constant  applied 
current.  The  potential  at  28  ms  is  near  the  critical 
repassivation  potential  of  aluminum.  The  dissolution 
current  reduction  occurs  by  passivation  of  active  area 
in  the  pits. 

At  about  30  ms,  a  10-40  mV  dip  in  potential  in  a 
time  of  about  1  ms  is  observed  in  transients.  It  is 
hypothesized  that  this  negative  deviation  from  the 
critical  repassivation  potential  provides  the  driving 
force  for  sudden  passivation  of  much  of  the  active 
pit  area.  Because  of  the  small  pit  size  and  time 
interval,  changes  in  potential  with  time  due  to 
concentration  or  potential  gradients  associated  with 
individual  pits  are  small  and  may  be  neglected  (3), 
so  that  any  change  in  the  experimentally  measured 
potential  is  associated  with  the  surface  potential. 

The  current  balance  is 

I  *  C  d-  /dt  +  i.nA(t)/c  [1] 

a  s  a 

in  which  Ia  is  the  applied  current  density,  C 
capacitance,  'iH  surface  overpotential  referred  to  the 
repassivation  potential,  i^  metal  dissolution  current 
density,  .  the  surface  pit  density,  A(t)  the  average 
pit  area  at  time  t,  and  r  current  efficienty  for  metal 
dissolution.  According  to  the  hypothesis,  when 
-s  •  0,  the  time  dependence  of  A(t)  is  determined  by 
the  passivation  rate,  which  is  assumed,  for  simplicity 
to  depend  linearly  on  the  surface  overpotential. 


Results  of  experiments,  in  which  the  applied 
current  was  interrupted  for  0.1-1  ms  at  20  ms  intervals 
during  tunnel  etching  (4),  were  used  to  evaluate  k.  An 
interruption  time  longer  tha.t  0.1-1  tns  was  necessary  to 
passivate  tunnels.  The  current  balance  model  was  used 
to  derive  a  relationship  between  the  passivation  time 
and  the  rate  constant  for  passivation.  The  solution  to 
the  differential  equation  obtained  when  Eq .  [1]  is 
differentiated  with  respect  to  time  and  the  kinetic 
expression  for  passivation  substituted  is 

T  =  (dn  /dt)rt  sin(mt) /m  [2] 

s  s  U 

where  (d?  /dt)g  is  the  slope  of  the  transient  just 
prior  to  30  ms,  and  m  is  a  parameter  ^i^k/cC,  where 
k  in  the  rate  constant  for  passivation.  With  appro¬ 
priate  experimental  values  for  the  constants,  the 
model  predicts  that  the  potential  dips  to  a  minimum 
50  mV  below  the  critical  repassivation  potential  and 
returns  to  this  potential  in  1  ms.  This  prediced 
behavior  agrees  with  the  experimental  transient  in 
Fig.  1,  and  therefore  supports  the  proposed  passivation 
mechanism. 

After  the  short  passivation  transient  at  30  ms, 
the  original  etch  pits  are  either  partially  or 
completely  passivated,  and,  since  the  potential 
remains  constant  with  time  thereafter,  then,  according 
to  Eq.  [1],  the  total  active  area  in  the  pits  is 
controlled  at  a  constant  value.  This  control  can  be 
accomplished  through  the  potential  dependence  of  the 
passivation  reaction,  since  the  surface  is  at  the 
repassivation  potential.  It  is  proposed  further  that 
the  active  area  within  individual  pits  is  constant, 
and  that  this  requirement  causes  the  cubic  pits  to 
transform  into  the  tunnel  geometry.  Pig.  2  shows  a 
cubic  pit  of  depth  rc  in  which,  during  the  initial 
passivation,  the  oxide  film  has  advanced  a  distance  xu 
down  the  sidewalls.  If  the  remaining  active  surface 
continues  to  corrode  in  the  <100>  direction,  then  at 
soi we  later  timo  at  which  the  nit  has  reached  a  width 
2r,  the  oxide  film  will  have  advanced  to  a  position 
x,  given  by 

8(r-x)r  +  4r2  =  8(r  -x  )r  +  4r  [31 

o  o  o  o 

since  the  original  active  area  has  been  preserved. 
Eventually,  since  Eq .  (31  indicates  that  the  oxide 
film  advances  faster  than  the  pit  growth  velocity,  the 
film  reaches  the  corners  of  the  pit,  after  which  the 
requirement  of  constant  active  area  dictates  that 
lateral  expansion  of  the  pit  stops,  so  that  further 
growth  would  proceed  as  a  tunnel. 

Eq.  (31  indicates  that  tunnel  growth  should  be 
preceded  by  a  short  region  of  length  no  more  than  1.7^ 
in  which  the  width  expands  by  a  factor  between  1  and 
1.7.  SEM  micrographs  of  tunnels  show  that  this  width 
expansion  is  frequently  observed  near  the  mouths  of 
tunnels;  a  contraction  in  width  1b  never  observed. 
Further  measurements  of  tunnel  shape  profiles  will  be 
made  to  test  quantitative  agreement  with  Eq .  (31- 
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THE  ROLE  OP  SCJLPIDE  INCLUSIONS  ON  INITIATION  OP 
CREVICE  CORROSION  OP  304  SS 

Stephen  E.  Lott  and  Richard  C.  Alklre 

Department  of  Chemical  Engineering 
and  Materials  Research  Laboratory 
University  of  Illinois,  I’rhana,  M801 

The  initiation  of  pitting  and  crevice  corrosion 
on  304  stainless  steel  is  generally  recognized  to 
occur  at  sulfide  inclusions.  In  this  study,  the  onset 
of  crevice  corrosion  was  investigated  both  experi¬ 
mentally  and  theoretically  by:  (a)  determining  the 
mechanism  of  depassivation  in  the  presence  of  MnS 
inclusions,  (b)  modeling  reaction  and  transport  pro¬ 
cesses  in  crevice  regions,  and  (c)  comparing  model 
predictions  with  data  obtained  in  an  instrumented 
artificial  crevice  cell. 

The  following  work  is  based  on  previously 
reported  experimental  Mndings  (\>  that  chromium 
dissolution  and  acidification  is  a  consequence,  not  a 
cause,  of  corrosion  Initiation.  In  the  present  work, 
the  hypothesis  is  further  suggested  that  initiation 
occurs  first  in  the  vicinity  of  sulfide  inclusions, 
the  dissolution  of  which  alters  the  local  solution 
composition  and  leads  to  passivity  breakdown. 

A  series  of  controlled  dissolution  experiments 
were  carried  out  with  MnS  electrodes  in  deaerated  0. I 
N  NaCl.  Bv  qualitative  analvsis,  it  was  found  that 
Che  products  of  the  MnS  oxidation  were  elemental 
sulfur  and  thiosulfate.  By  quantitative  analvsis  with 
use  of  a  UV  spectrophotometer,  it  was  found  that  R 
coulombs  passed  per  mole  of  thiosulfate  produced.  In 
addition,  it  was  found  that  elemental  sulfur  was  pro¬ 
duced  on  the  surface,  and  the  pH  did  not  decrease 
during  MnS  dissolution.  Based  on  these  data,  it  is 
suggested  that  the  dissolution  occurs  as 

2MnS  +  311., 0  -  S,0  '  *  J't"*2  *  Ml*  *  Be" 

2H*  *  MnS  ■  Mn*2  +  S  *  H, 

A  series  of  gal vanostat ic  experiments  were 
carried  out  with  3U4  SS  electrodes  in  solutions  of 
various  combinations  of  thiosulfate  and  chloride 
tons.  Figure  1  summarizes  the  results;  each  point 
represents  an  experiment  in  which  the  electrode  either 
became  active  or  remained  passive.  For  conditions 
above  the  solution  line,  the  stainless  steel  became 
depassi vated.  These  results  suggest  that  entrapment 
of  thiosulfate  within  a  crevice,  along  with  ingrpss 
of  chloride  ion?,  by  migration,  may  cause  local 
depassi  va*'  i  on  in  the  vicinity  of  sulfide  inclusions. 

An  artificial  crevice  rell  was  fabricated  by 
placing  an  optically  flat  glass  disk  against  an 
optically  flat  metal  disk  (2.S4  cm  dial  that  was 
polished  to  various  roughnesses,  the  value  of  which 
served  to  determine  the  crevice  gap.  Crevice  gaps 
between  2.7  and  0.2  ±  0.2  ini!  were  investigated.  The 
crevice  was  formed  at  "time  zero"  by  bringing  the  two 
surfaces  together  with  use  of  a  modified  microscope 
stage.  The  time  at  which  corrosion  initiated,  deter¬ 
mined  by  direct  electrochemical  measurement  of  current, 
was  found  for  various  gap  settings,  applied  potential, 
and  inclusion  density.  In  general,  initiation  was 
slower  in  the  presence  of  large  gaps,  negative  applied 
potential,  and  low  inclusion  density.  For  sufficiently 
extreme  values  of  these  parameters,  it  was  found  that 
Initiation  of  crevice  corrosion  would  not  occur. 

A  mathematical  model  was  developed  to  simulate 
transient  transport  and  reaction  phenomena  which  occur 
upon  formation  of  the  crevice.  The  mode!  included 


consideration  of  diffusion  and  migration  of  ions, 
potential-dependent  dissolution  of  MnS  inclusions,  and 
a  critical  breakdown  condition  based  on  the  local 
concentration  of  chloride  and  thiosulfate  ions.  Numer¬ 
ical  calculations  were  carried  out  to  predict  the  time 
at  which  initiation  of  crevice  corrosion  would  occur. 

It  was  found  that  predicted  behavior  was  in  agreement 
with  experimental  data 

The  model  was  used  to  construct  diagrams  for  pre¬ 
dicting  conditions  under  which  initiation  of  crevice 
corrosion  on  304  SS  could  be  avoided.  Figure  2 
illustrates  results  for  a  range  of  crevice  geometry, 
applied  potential  and  inclusions  density  (X).  The 
region  below  the  lines  corresponds  to  operating 
conditions  under  which  initiation  will  not  occur. 

Above  the  line,  the  thiosulfate  'chlor ide  ion  buildup  is 
sufficient  to  trigger  breakdown. 

The  consistent  agreement  found  from  a  variety  of 
experimental  and  numerical  route?  serve  to  support  the 
proposed  "thiosulfate  entrapment"  mechanism. 
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Figure  1:  Experimental  measurements  of  conditions  under 
which  304  SS  becomes  .active  or  remains  passive  during 
dissolution  at  2 S  nm/cm“  in  deaerated  NaCl  'Na,S,D^ 
sol ut ions . 


Critical  Breakdown  Conditions 


C  -«•  -IW  -la#  -  x  c  x  IOC  IX  1*0 
Potent  Ml.  m»  SCE 


Figure  2:  Theoretical  calculations  of  operating 
conditions  (geometry,  applied  potential,  inclusion 
density)  under  which  a  crevice  in  ini  SS  is  predicted  f 
become  active  (above  the  line)  or  remain  passive  f below 
the  line). 
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SEGMENTED  ELECTRODES  (MEPSE)  FOR 
SENSING  LOCALIZED  CORROSION  AND 
SCALING  BY  POTABLE  WATERS 
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Potable  water  can  corrode  or  scale  the  distribution  system  and 
appurtenances  in  which  it  flows  or  resides,  causing  enormous 
economic  problems,  nuisance,  and  even  contamination  by  corrosion 
products  that  might  threaten  public  health.  Excessive  scaling  can 
reduce  pipe  carrying  capacity  or  completely  clog  pipes 

The  water  chemistry  and  the  nature  of  the  internal  pipe  surfaces 
change  with  time  and  location  in  the  distribution  system.  It  is 
necessary  to  monitor  the  corrosion  damage  or  scale  build  up  at 
representative  and  critical  sites,  so  that  preventive  action  can  be  taken 
locally  or  at  the  central  plant.  The  sensor  needed  for  this  task  should 
be  able  to  monitor  the  general  and  localized  corrosion  rates,  as  well 
as  the  scale  build-up  rates  in  real  time  The  economic  importance  of  a 
network  of  corrosion/scaling  sensors  is  proportional  to  the  annual 
cost  of  corrosion  of  water  distribution  systems  and  associated 
customer  installations  (residential,  industrial  and  commercial 
plumbing  systems).  This  cost  has  been  estimated  to  be  as  high  as  12 
billion  dollars  in  the  United  States  by  Miller  Morgan  ct  al  ( 1 ).  This 
paper  demonstrates  the  feasibility  of  concepts  that  can  lead  to  the 
development  of  a  sensor  to  make  scaling  and  corrosion  control 
measurement  more  effective. 

localized  corrosion  can  be  detected  in  situ  and  in  real  time  by 
identifying  anodic  and  cathodic  sites.  The  anodic  reaction  involves 
the  release  of  electrons  that  travel  electronically  to  the  cathodic- 
reaction  sites,  and  can  be,  in  principle,  measured  with  a  zero 
impeJance  ammeter  in  a  segmented  electrode  The  circuit  is 
completed  by  the  movement  of  ionic  species  in  the  electrolyte 
Positive  ions  are  created  in  anodic  sites,  and  a  positive  ion  current  is 
established  towards  cathodic  sites  Small  potential  changes  between 
anodic  and  cathodic  sites  are  developed  in  the  electrolyte,  and  can  be 
used  to  map  localized  corrosion.  There  is  a  reciprocal  effect  between 
scaling  and  corrosion.  Near  anodic  sites  a  lower  pH  will  develop, 
contributing  to  the  destabilization  of  the  water.  Scaling  can  result 
from  deposition  of  salts  (carbonates,  silicates...)  from  an 
oversaturated  electrolyte  in  the  vicinity  of  the  metal  electrode  (pipe) 
Scaling  can  also  be  the  result  of  corrosion  products  depositing  at  or 
near  the  anodes.  Cuprous  oxide  or  iron  oxide  products  can  form 
flow  reducing  tubercles  in  steel  or  copper  pipes.  If  scaling  is  a 
barrier  for  electron  transfer  general  corrosion  will  decrease:  if  it  is 
porous  or  discontinuous,  however,  localized  corrosion  is  increased. 

Generally,  film  quality  increases  with  increasing  alkalinity, 
calcium  hardness,  and  velocity  of  flow  in  the  system.  Higher 
temperature,  or  presence  of  chlorides  and  sulfates.decrease  the 
protective  action  of  the  calcium  carbonate  film  Since  these 
parameters  vary  with  location  in  the  distribution  system,  it  is 
important  to  have  a  distributed  network  of  corrosion/scaling  sensors 
that  will  enable  plant  managers  to  determine  in  real  time  the  chemical 
doses  necessary  for  stabilization. 

Isaac  et  al.  (2)  have  recorded  the  potential  gradients  in  the 
solution  near  a  corroding  metal  and  Sierra  Alcazar  ct  al.  (3)  have 
recorded  the  potential  of  micro- areas  in  a  metal  tube.  The  approach 
involves  closely  scanning  the  metal  surface  (typically  at  0.1  mm) 
with  a  very  fine  microelectrodc  and  recording  the  potential  difference 
with  respect  to  another  electrode  in  the  electrolyte  bulk.  In  this  case 
the  potential  signals  indicate  the  direction  of  ionic  currents  flowing  in 
the  electrolyte.  Calibration  is  necessary  because  the  amplitude  of  the 
potential  depends  critically  on  the  distance  of  the  microelectrodc  from 
the  metal  surface,  furthermore  a  significant  part  of  the  ionic  currents 
flows  undetected  between  the  microelectrode  and  corroding  metal. 

In  order  to  simplify  the  scanning  of  the  ID  surface  of  a  tube,  the 
MLPSK  sensor  uses  a  number  of  pairs  of  0.(X)5  in.diameter  wires 
(Nt-Cr  alloy)  in  the  function  of  microprobes  and  running  parallel  to 
the  ID  of  tube  segments  (at  approximately  ().(XX)7  in.  distance  from 


the  surface),  as  shown  in  Fig  1.  Fach  wire-segment  combi  n  at  u 
addresses  a  site  inside  the  segmented  lube.  Potentials  were  scanned 
electronically  by  means  of  a  muluplcxer  to  produce  Type  1  profiles. 

The  electronic  currents  between  segments  were  measured  with  a 
PAR  coulomcter.  All  of  the  above  measurements  were  performed 
with  segments  coupled  or  uncoupled  to  each  other  or  coupled  to  Al 
anodes.  The  latter  being  for  the  purpose  of  determining  the  throwing 
power  alterations  produced  by  scale.  The  Type  2  profile  (throwing 
power)  is  formed  w  ith  the  jonic  currents  to  each  segment;  n  was 
calculated  from  the  measured  electronic  currents  to  the  segments. 

The  response  of  the  MFPSF.  sensor  was  measured  while  flowing 
four  types  of  water  through  the  MJ-PSH:  deionized  water,  deareared 
deionized  water  (DDI),  corrosive  water  with  a  nominal 
l^irgelier-Ryznar  (l.R)  index  of  -1.0  and  scaling  water  with  a  l.R 
index  of  1.0.  The  last  two  types  were  prepared  from  a  common 
stock  of  Champaign-  l.Tbana  lap  water  (U-O  with  a  Langelicr  index 
of  0.2.  The  chemical  characteristics  of  this  water  were  further  altered 
by  dissolving  I  .(XX)  g  of  CaCO?  and  3  )25  g  NaO  per  3  gal  of  C  l 
water  to  increase  their  scaling  and  corrosive  potential.  The  l.R 
indexes  of  the  corrosive  and  scaling  waters  were  obtained  from 
altered  C-U  water  bv  bubbling  CO,  or  N\  respectively. 

The  potential  profiles  (Type  1 1  for  DDI.  corrosive  and  scaling 
water  are  shown  in  Fig.  2.  The  DDI  water  show*,  very  small 
localized  variations  in  potential  compared  with  the  corrosive  and 
scaling  waters.  The  scaling  water  measurements  were  initialed  on  the 
surface  already  corroded  by  previuos  exposition  to  corrosive  water 
during  three  weeks.  This  might  explain  the  similar  localized 
variation  in  potential  in  both  potential  profiles.  'Hie  DC  levels  were 
lower  for  the  scaling  water  though.  Other  potential  profiles  not 
shown  revealed  large  potential  variations  in  sites  that  hud  Ven 
previously  utilized  to  determine  potan/aiion  curves  t60  m\  excursion 
from  rest  potential)  or  impedance  spectroscopy  Preferential  scaling 
and  corrosion  was  physically  observed  in  such  sites  This  ,icm..> 
was  also  observed  as  large  potential  (from  Type  1  profiles  -  and 
current  peaks  (from  Type  2  profiles)  measured  after  the  disturbing 
AC  and  DC  measurements  were  concluded.  The  throwing  power  ot 
Al  anodes  located  a  few  inches  downstream  from  the  Ml  . PS!  was 
higher  under  scaling  conditions  than  under  corrosive  conditions  as 
shown  in  che  ionic  current  (cathodic  protection  currents)  of  Figure  ; 
l-cvel.ng  of  current  distribution  with  time  occurred  in  all  cases  Sit 
distinct  differences  remained  between  coorostve  and  scaling  waters 

To  perform  electrochemical  measurements  *  such  as  polarization 
curves,  impedance  spectroscopy,  etc  i  a  wire  w:  was  connected  as 
auxiliary  electrode,  the  companion  wire,  w;.  luncltons  as  a 
pseudoreference  electrode.  The  effective  micro  area  will  depend  on 
factors  such  as  electrolyte  conductivity,  distance  between  tube  and 
microprobc.  reaction  kinetics,  and  time  or  frequency  Typical 
impedance  spectra  for  corrosive  and  scaling  conditions  arc  shown  ir 
Fig  4  The  flat  semicircle  is  explained  bv  an  increasing  et'ective 
micro-area  with  decreasing  frequency,  u  indicates  corrosion  under 
activation  control  Under  scaling  conditions  a  Warburg  impedance  i\ 
apparent,  indicating  partial  diffusion  control  by  the  wale  tno  efteci 
with  flow  rate  changes  Specific  capacitance,  charge  transfer 
resistance  and  uncompensated  resistance  can  be  extracted  from  the 
high  frequency  arc  from  both  impedance  spectra.  Tot  cl  slopes  were 
determined  from  DC  measurements  w  ith  the  three  point  meth«xl  <4i 
DC  and  AC  determined  corrosion  rates  were  comparable.  Higher 
capacitances  (  3  ul;/cm ->  and  lower  corrosion  rates  (0  t  pA/cm-  i 
were  found  for  scaling  conditions,  localized  corrosion  rates  were 
comparable  to  those  found  under  corrosion  conditions,  but  genera! 
corrosion  was  an  order  of  magnitude  higher  in  corrosive  water 
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The  Influence  of  Deep-Level  Electronic  Defects 
on  Characterization  Methods 
Incorporating  Mott-Schott ky  Theory 

D.  Divings  Bonham  and  Mark  E.  Orazetn 
Department  of  Chemical  Engineering 
University  <»f  Virginia 
Charlottesville.  Virginia  22001 


A  matliema*:  *al  model,  developed  to  account  for  the 
transport  and  recombination  reactions  involving  electron*, 
holes,  and  electronic  defects  located  within  the  handgap.  was 
used  tn  evaluate  the  use  of  Mott  Schottky  theory  iti  the  pres 
euce  of  deep  level  defects. 


Mott  Schottky  Theory 

Under  the  assumptions  that  the  semiconductor  electrode  i> 
idralh  polarized.  that  electron  and  hole  concentrations  follow 
a  Dolf/mann  distribution,  and  that  the  majority  and  minority 
■  arri«  r  are  negligible  when  compared  to  the  doping  conceit 
nation  i  the  depletion  layer  approximation  .’  the  space  charge 
capacity  C  is  related  to  the  dopant  concentration  by  the  Mott 

Schot»ky  expression.1  t  *.. 


1  2n*4tf77F) 

C*  “  ‘  f  F i  V./  -  .V.  I  ’ 


HI 


whet*  \’  i-  the  applied  potential,  referenced  to  the  Hatband 
potential,  li  i-  the  gas  constant.  T  is  absolute  temperature. 
/•'  i-  Kiiaday's  constant.  *  is  the  |»ennittivjty.  and  .X,t  -  ,X„  )> 
the  effective  ioni/ed  donor  concentration.  hi  using  this  equa 
Mon.  the  semiconductor  is  usually  assumed  to  1»*  modeled  by  a 
senes  combination  of  the  space  charge  capacity  and  a  bulk  re 
.istar.ee  Mott  Schottky  theory  is  generally  used  to  determine 
the  dopant  coticentrai Urn  and  the  Hatband  potential.  Any  con 
tnbution  to  the  ionized  donor  concentration  bv  deep  level  de 
fects  Will,  m  principle,  be  reflected  in  the  space  charge  capacity, 
measured  as  a  function  <>f  potential. 


Mathematical  Model 

A  transport  based  mathematical  model*  was  developer! 
to  calculate  the  impedance  response  of  an  ideally  polarized 
semiconductor  electrode  to  a  sinusoidal  current  perturbation. 
The  model  accounts  explicitly  tor  elr-tron  and  hole  transport 
as  well  as  foi  generation  anti  recombination  through  hand 
to  band  mechanisms  and  through  bulk  inter  hand  electronic 
stat*-  of  s]>ccificd  energy.  Material  balances  were  applied  to 
all  electronic  species,  and  Poisson's  equation  was  used  to  re¬ 
late  the  local  potential  to  the  charge  density  in  l he  semicon¬ 
ductor.  The  contributions  of  «•*  rtre.is.  holes,  ionized  doping 
species,  ami  ioni/ed  electronic  defects  were  included  ill  the  local 
charge  density.  The  equations  which  govern  the  semicondur 
tor  under  steady  state  conditions  were  linearized,  written  in 
finite  difference  form,  and  solved  using  the  BAND  algorithm1 
coupled  with  Newton  Raphsoti  iteration.  This  method  for  so 
hit  ion  of  the  governing  equations  required  no  linearization  ap 
pnixun.it mus  and  avoided  assumptions  involving  depletion  of 
m  uf  tal  regions.  Tim  time  dependent  equations  were  solved  fot 
the  tesunjjsr  to  ft  superimposed  sinusoidal  current  by  assuming 
a  sinusoidal  form  for  the  dependent  variables  to  eliminate  ex 
[ilicit  time  dependetiee  and  linearizing  about  the  steady  stat*’ 
solution  The  resulting  set  of  linear  ordinary  differential  equn 
t ions  was  also  Milved  with  the  HAND  algorithm  ami  an  iterative 
fe«  liutq't*’  was  used  to  minimize  round  off  errors. 


Results  and  Discussion 

Tin*  parameters  used  for  the  mathematical  model  corre¬ 
spond  to  'ail  n  type  GaAs  electrode.  The  Mott  Schottky  plot 
for  a  uniform  dopant  concentration  of  10ltt  cm”5  and  uniform 
inter  hand  donor  concentrations  of  1014  cm”5  (curve  fail  and 
1 0 * fi  nil'1  (curve  ib))  are  presented  in  Figure  1.  The  inter 
hand  donor  energy  was  assumed  to  be  1.1  e\  .  referenced  to  the 
valence  band  energy.  Tin*  capacity  is  insensitive  to  inter  band 
states  at  concentrations  much  lower  than  the  doping  concentra¬ 
tion  (curve  tail.  When  the  concentration  of  inter  band  states 
is  of  the  same  order  as  the  dopant  concentration,  the  slope 
of  the  Mott  Schottky  curve  changes  with  increasing  potential. 
This  reflects  the  increased  concentration  of  ionized  inter  band 
donors  with  increased  band  bending.  The  slope  of  this  line  at 
large  potentials  might  he  expected  to  yield  a  total  donor  con¬ 
centration  of  2  x  10 l<*  cm”1,  corresponding  to  the  sum  of  tin* 
ionized  inter  band  donor  and  dopant  concentration.  The  total 
donor  concentrations  calculated  from  equation  (1).  however, 
was  significantly  smaller  (from  1  x  1016  at  lower  potentials  to 
1.3S  x  101*  cm-5  at  liigher  potentials). 

This  behavior  can  be  ex  plot  ed  by  examining  plots  of  the 
calculated  total  donor  concentration  as  a  function  of  semicon¬ 
ductor  depth,  given  in  Figure  2.  The  minimum  total  donor  con¬ 
centration  (made  dimensionless  with  respect  to  doping  level* 
is  1.0  due  to  the  doping  species,  which  are  always  completely 
ionize*!.  The  presence  of  inter  baud  defects  is  not  seen  until  a 
potential  is  applied.  Increased  potential  results  in  an  increase 
in  the  dimensionless  total  donor  concentration  to  a  maximum 
of  2.0  near  the  surface.  In  cases  where  sufficient  potential  i-  ap 
plied,  a  transition  region  or  “ionization  wave  is  s< * 1 1  to  extend 
to  greater  dept  hs  with  an  increase  in  potential.  The  value  of  t  he 
donor  concentration.  obtained  through  application  of  equation 
ill.  i:.  averaged  over  a  region  encompassing  the  "ionization 
wave. 

When  inter  band  donors  are  localized  at  the  semiennduc 
tor  surface,  the  Mott  Schottky  plots  obtained  have  a  charac¬ 
teristic  shape  like  that  given  in  Figure  3  for  an  n  type  semi¬ 
conductor  with  a  uniform  doping  level  of  l()lr’  cm  V  For  low 
concent  rations  of  deep  level  states  ■ curve  ’.an  typical  Mott 
Schottky  behavior  is  observed-  Iti  Curve  «b'.  obtained  fot  a 
near  surface  distribution  of  defects,  the  influence  of  deep  level 
states  is  reflected  in  a  decrease  in  the  Mott  Schottky  slop*-  in 
tli*1  potential  range  of  0.2  to  0.4  V.  At  higher  potentials,  how 
ever,  tli*'  curve  returns  to  the  slope  associated  with  only  dopant 
species  {r.ff  .  curve  la)).  The  potential  at  which  tin's*'  changes 
in  slope  occur  reflect  the  energy  level  of  the  inter  band  defects. 
Mott  Schottky  curves  of  this  type  have  been  attributed  to  the 
presence  of  surface  states.4  This  work  supports  that  interpre 
tation. 


Conclusions 

Transport  based  models  of  A  C  impedance  provide  a  u-e 
ful  tool  in  tli*'  interpret  at  am  of  experimental  impedance  result* 
The  capacitive  component,  used  in  standard  Mott  SchoMky 
theory,  was  found  to  be  insensitive  to  bulk  electronic  -t  at  ev 
within  the  ban*!  gap  if  the  roncrutintioii  of  th»-e  •'tat*  *  i-  Mg 
uiiicani ly  les>  than  tin-  doping  level  In  •■ontra-t.  the  leni¬ 
tive  component  i-  Iiai'll  more  sensitive  to  deep  level  defect- 
For  high  concentration  of  debi  t-,  change*  in  tin-  -lop.  of  the 

Mott  Schottky  cut v*-  can  be  iutrrpieit.  *1  in  trim-  «>f  paiMa! 


ioiii/iit  ion  of  deep  level  defects.  It  should  be  noted  that  these 
effects  could  be  attributed  either  to  a  nonunifonn  dopant  dis¬ 
tribution  or  to  ionization  of  inter  -band  states  with  applied  po¬ 
tential.  Sub  band  gap  photo  excitation  of  electronic  states  or 
observation  of  a  frequency  -dependent  capacity  could  be  used 
to  facilitate  distinguishing  between  the  possible  causes  of  this 
behavior. 
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Figure  2.  Total  donor  concentration  (including  inter -band  and 
dopant  species)  as  a  function  of  depth  for  curve  (b)  of  Figure 
1  with  applied  potential  as  a  parameter. 


Figure  1.  Mott  Schottky  plots  for  an  n-type  semiconductor 
with  a  doping  level  of  101*  cm-3  and  an  even  distribution  of 
inter  band  donors  with  an  energy  of  1.1  eV  referenced  to  the 
valence  band.  Curve  (a),  the  state  concentration  is  10* 4  cm-1: 
curve  (b).  the  state  concentration  is  1016  cm"5. 


Figure  3.  Mott  Schottky  plots  for  an  n-type  semiconductor  at 
equilibrium  with  varying  distributions  of  inter- band  donors 
The  doping  level  is  10,<J  cm'3  and  the  inter-band  energy  is  1.1 
cV  referenced  to  the  valence  band  for  both  curves.  In  curve 
(a),  the  inter  b;uid  concentration  is  10M  cm-3  throughout  the 
.semiconductor;  in  curve  (b),  inter  band  concentration  is  10,fi 
cm'3  at  the  surface,  decaying  to  1%  of  this  value  at  500A. 
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Phthalocyanine  Coatings 


S.  Hettiarachchi,  R.B.  Wilson  Jr.,  Y.W.  Chan 
SRI  International,  Menlo  Park,  CA  94025 
and 

V.S.  Agarwala 
NADC,  Warminster,  PA  18974 

Among  the  macrocyclic  corrosion 
inhibitors  studied,  phthalocyanines  appear  to 
be  the  most  effective  class  of  corrosion 
inhibitors  because  of  their  multi¬ 
functionality.  As  a  result,  the  interest  in 
phthalocyanines  as  corrosion  inhibiting 
coatings  has  been  rapidly  growing  in  the 
recent  years^""^.  Phthalocyanines  have 
several  attractive  features  in  that  they  have 
a  large  area  per  molecule,  show  strong 
adsorption  on  metal  surfaces,  exhibit  good 
lubricating  properties^-®  and  have  good 
electronic  conductivity  when  appropriately 
doped.  Thus,  while  inhibiting  corrosion, 
phthalocyanines  are  capable  of  retaining  the 
surface  conductivity  of  a  metal. 

The  electrochemical  experiments  were 
conducted  with  steel  in  1%  NaCl  of  pH  =  2. 

AC  impedance  spectroscopy  was  primarily  used 
in  the  corrosion  inhibition  studies. 

Phthalocyanines  studied  included  metallo- 
phthalocyanines  and  metallo-polyphthalo- 
cyanines  [TCPC]  containing  various  metal 
ionic  centers  such  as  Co(II),  Fe(lll), 

VO(IV),  Cr(III),  Si ( IV)  and  Zn(II).  Among 
these  phthalocyanines  the  highest  inhibition 
efficiency  was  obtained  with  the  Fe(III)  TCPC 
coating  that  showed  an  inhibition  efficiency 
of  82%.  It  is  interesting  to  note  that 
although  the  addition  of  chromium  and  silicon 
to  steel  improve  its  corrosion  resistance, 
the  degree  of  inhibition  provided  by  Cr(III) 
TCPC  and  Si (IV)  TCPC  were  52  and  64%,  much 
lower  than  the  degree  of  inhibition  (82%) 
provided  by  Fe(III)  TCPC.  This  result 
clearly  shows  that  the  corrosion  inhibition 
is  not  totally  due  to  a  coverage  effect,  but 
tnat  electronic  factors  are  playing  a 
significant  role  in  the  interfacial  corrosion 
inhibition  process.  This  effect  was  also 
observed  with  unpolymer ized  phthalocya' ine 
coatings  containing  five  and  ten  carbon  alkyl 
chains  indicating  the  presence  of  an 
electronic  effect  in  the  inhibition  process. 

Recent  studies  conducted  by  us  show  that 
unpolymerized  phthalocyanines  containing  four 
aliphatic  chains  (five  carbon  and  ten  carbon) 
with  Fe(III)  metal  ionic  center 
[Fe (III) TCACPC]  (Figure  1)  and [Fe (III) TCAUPC] 
(Figure  2)  respectively,  gave  higher 
corrosion  inhibition  than  the  corresponding 
polyphthalocyanine  [Fe (III) TCPC] .  The 
corrosion  inhibition  efficiency  obtained  with 
Fe (III) TCAUPC  is  86%  with  a  single  dip 
coating  having  a  thickness  of  approximately 
l^m.  A  significant  advantage  in  using  long 
alkyl  chain  containing  phthalocyanines  is 
that  they  require  only  a  low  temperature  heat 
treatment  of  approximately  100°C  as  compared 
to  polyphthalocyanines  that  require  a  heat 
treatment  as  high  as  450°C. 


We  believe  that  further  improvements  to 
corrosion  inhibition  effectiveness  can  be 
achieved  by  understanding  the  nature  of  the 
electronic  effect  operating  at  the 
metal/coating  interface.  It  is  possible  that 
Fe(III)  centered  phthalocyanines  provide  an 
electronic  barrier7  for  the  charge  transfer 
process  by  increasing  the  band  gap  across  the 
metal/semiconductor  type  interface.  This 
interpretation  is  under  further  investiga¬ 
tion  at  the  present  time.  Once  this  effect 
is  completely  understood,  it  will  be  possible 
to  choose  the  appropriate  metal  ion  that  will 
result  in  the  highest  band  gap. 

Another  attempt  we  made  to  improve  the 
degree  of  corrosion  inhibition  of 
polyphthalocyanines  by  filling  the  void 
between  the  phthalocyanine  molecules  in  the 
polymer  network  with  additional  surface 
anchoring  groups  was  not  successful. 

However,  we  believe  that  this  approach  has 
potential  to  improve  inhibicion  efficiencies 
and  should  be  pursued  further. 


1.  S.  Hett iarachchi ,  Y.w.  Chan,  R.B.  Wilson 
Jr.,  and  V.S.  Agarwala,  Paper  No.  223, 
CORROSION 1 87 ,  March  9-13,  San  Francisco, 
California  ( 1987) . 

2.  S .  Hett iarachchi ,  Y.W.  Chan  and  R.B. 

Wilson  Jr.,  Final  Report  to  Naval  Air 
Development  Center,  Contract  No. 
N62269-85-R-0290  (1988). 

3.  S.  Hett ia rachchi ,  Y.W.  Chan,  R.B.  Wilson 
Jr.,  and  V.S.  Agarwala,  CORROSION  Journal 
(1988),  in  print. 

4.  L.C.  Lipp  and  E.N.  Kiemgard,  Lubrication 
Eng.,  22,  187  (1966)  . 

5.  G. Salomon,  A.Begelinger  and  A.W  ' .  DeGee, 

Wear,  12,  383  (1967) . 

6.  NASA  NTIS  Technical  Note,  NTN86-1116, 
October  ( 1986) . 

7.  F.C.  Jain,  J.J.  tosato  and  K.S.  Kalonia, 
Paper  presented  at  the  Materials  Research 
Society  Symposium,  April  5-9,  Reno,  Nevada 

(1988)  . 


IMAG(Z)/Q  cm4 


200 


100 


c 


Figure  1 


■  Fe(lll)TCACPC 

■  Fe(tll)TCAUPC 

□  Fe(lll)TCPC 

O  Fe(lll)TCPC 

300 

■ 

A  Co(ll)TCACPC 

A  Co(ll)TCAUPC 

§ 

b  Uncoaied 

G 

&  200 

- 

o 

s 

.  •  ■ 

•  O  °  0  . 

100 

■  ■ 

■°  ° 

O  OB 

V*  *  *  *. 

■a  "  *  .n 

*c.  ■ 

0 

100  200  300  0  100  200  300  400 

REAl(Zyn  cm2  REAL(Z)/Q  cm2 

RA-1 174-30  RA-1 178-31 


Comparison  o<  ihe  Nyquisl  plots  ol  Fe{»H)  TCPC  coaled  and  uve  Fi0ure  2  Comparison  of  the  Nyquist  plots  of  Fe(HI)  TCPC  coaled  and  ten 

carbon  alkyl  chain  containing  phihatocyanme  coated  steel.  carbon  akyt  chain  containing  phthatocyanine  coated  steel 

Mid  steel:  1%  NaCt;  pH  •  2;  T  ■  298  K;  2S5  rpm.  Mid  rmI:  1%  NaO;  pH  -  2;  T- 298  K;255  rpm 


^'aTeLECTROCHEMICAL  IMPEDANCE  STUDY  OF  THE  PASSIVE 
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Introduction 

The  growth  of  passive  films  on  reactive  metals 
and  alloys  Is  a  subject  of  continuing  Interest  because 
thev  are  responsible  lor  the  Kinetic  stability  of 
,ese  materials  Ir  aqueous  environments.  Over  the 
•ast  eight  years,  we  have  employed  electrochemical 
Upedance  spectroscopy  to  investigate  the  passive 
state  on  polycrystalline  (1)  and  single  crystal  1100] 

<  : ]  nickel  In  borate  and  phosphate  buffer  solutions  at 
iyc.  TO  date,  the  low  frequency  impedance  daca  have 
been  interpreted  in  terms  of  a  point  defect  model]PM] 
(l)  in  which  reactions  Involving  cation  and  anion 
vacancies  at  the  metal/film  and  film/solution 
interfaces  are  assumed  to  be  in  equilibrium.  The 
oresent  study  relaxes  this  constraint  to  account  for 
slow  interfacial  relaxations  and  extends  our  previous 
work  on  pure  nickel  to  dilute  nickel  alloys  containing 
Al.  Ti.  and  Zr  as  alloying  elements. 

Experimental 

Electrochemical  Impedance  data  were  °btaln«d 
using  a  computer-controlled  SOLARTRON  Model  125U 
Frequency  Response  Analyzer.  The  control  and  data 
acquisition  systems  were  periodically  checked  against 
a  resistive/capacitive  electrical  'dummy  cell  having 
properties  similar  to  those  of  the  systems  under 
study. 

Results  and  Discussion 

Typical  impedance  spectra  for  nickel  single 
crystal  (100)  In  phosphate  buffer  solutions  at  pH  -  11 
and  as  a  function  of  potential  Is  shown  In  Figure  1. 
The  impedance  spectra  display  a  low  frequency  Warburg 
response  and  a  partially  resolved  semicircle  at  high 
frequencies.  The  low  frequency  Warburg  behavior  was 
previously  detected  and  discussed  for  this  system  <*> 
and  has  been  predicted  theoretically  by  the  RDM. 
However,  this  previous  theoretical  treatment  was  not 
capable  of  accounting  for  the  high  frequency 
relaxation. 

The  PDM  has  been  modified  by  introducing  a 
kinetic  description  of  the  interfacUl  processes: 


,  k. 

V*  ^ 
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(3) 
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Interface 

(4) 


Assuming  Tafel  kinetics  and  by  solving  the  Netnst- 
Planck  equations  for  the  movement  of  cation  and  amo 
-•icarcie.  across  the  film  with  a  single  set 


k°  and  ai  values,  where 

k  .  -  k°.  expitttjFd^/RT) 


0) 


4,  is  the  potential  drop  across  the  metal/film  (i 
(h)  or  film/solution  (i  -  3. 4)  interfaces,  and  m  is 
the  appropriate  transfer  coefficient,  weareable 
account  for  the  Impedance  spectra  over  the  entir 
frequency  range  and  at  the  three  potentials 
investigated. 

These  studies  are  currently  being  extended  to 
dilute  nickel  alloys  containijj 
present  in  the  film  (AlNL>  Ti^, 
cation  vacancies. 
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Electropolishing  is  widely  employed  in  industry  for 
microfinishing  of  different  metallic  components  (1,2).  A 
large  number  of  electrolytic  baths  with  different  operat¬ 
ing  conditions  and  electrolyte  compositions  are  reported 
in  literature  (1-4)  but  there  is  little  information  available 
on  the  mechanisms  involved  in  electropolishing.  In  recent 
years,  some  of  the  fundamental  aspects  of 
electropolishing  hate  been  investigated  (5-8).  Much 
work,  however,  remains  to  be  done  for  a  better  under¬ 
standing  of  the  processes  that  lead  to  electropolishing  of 
different  materials.  Electropolishing  of  steel  and  stain¬ 
less  steel  is  generally  carried  out  in  phosphoric-sulfuric 
acid  electrolytes  (1-4,  8).  In  the  present  study,  we  have 
investigated  the  anodic  dissolution  o(  iron  in  phosphoric 
and  phosphoric-sulfuric  acids  as  a  first  step  towards 
understanding  the  mechanisms  involved  in 
electropolishing  of  iron  based  alloys. 

Rotating  disk  iron  electrodes,  5  mm  in  diameter,  insu¬ 
lated  with  a  teflon  sleeve  and  an  alumina  tubing,  were 
used  in  the  present  study.  A  platinum  electrode  was  used 
as  a  cathode  which  was  separated  from  the  anodic  com¬ 
partment  of  the  cell  by  a  glass  frit.  The  luggin  capillary 
was  placed  10  mm  below  the  disk  surface.  Electrolytes 
were  prepared  from  pure  acids  ( 85%  phosphoric  acid  and 
96%  sulfuric  acid  ).  The  electrolyte  temperature  was 
maintained  constant  by  circulating  therinostatcd  water 
through  an  enclosed  outer  compartment  of  the  cell. 
Potentiodynamic  and  potcntiostatic  experiments  were 
performed  using  a  PAR  273  potentiostat  and  the  meas¬ 
ured  data  were  recorded  in  a  Nicolet  Oscilloscope 
equipped  with  a  magnetic  disk  storage. 

The  anodic  polarization  curves  for  iron  in  a  14M 
PO,  solution  at  two  different  temperatures  are  shown 
in  Figure  1.  After  an  initial  region  of  active  dissolution, 
marked  current  fluctuations  arc  observed  at  all  the  tem¬ 
peratures  employed  in  the  present  study.  We  believe  that 
the  current  fluctuations  are  related  to  the  formation  and 
breakdown  of  anodic  surface  films.  At  25°C,  the  current 
fluctuations  are  followed  by  a  sharp  decrease  in  current 
in  the  passive  range.  A  renewed  increase  in  current  in  the 
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Figure  1.  Potentiodynamic  anodic  polarization  curves  for 
Iron  in  14  M  Phosphoric  Acid  at  two  different  temper¬ 
atures.  The  scanning  rate  is  5  mV/s  and  the  rotation  speed 
of  the  disk  electrode  is  1000  rpin. 


transpassive  potential  region  is  mainly  due  to  oxygen  evo¬ 
lution.  Electropolishing  is  not  observed  under  these  con¬ 
ditions  up  to  a  potential  as  high  as  2.5  volts.  At  90 “C,  the 
plateau  current  beyond  fluctuations  is  relatively  high  in¬ 
dicating  that  metal  dissolution  at  high  rates  occur 
through  surface  films  that  are  of  different  nature  than 
those  present  at  low  temperatures  in  the  same  potential 
range.  Dissolution  of  iron  at  or  beyond  the  current  pla¬ 
teau  leads  to  electropolishing.  The  value  of  the  current 
plateau  increased  w  ith  increasing  rotation  speed. 

Figure  2  shows  anodic  polarization  curves  for  iron  in 
phosphoric-sulfuric  acid  mixture  (  9.8M 

H,PO,  +  6MH,SO,  +  6.3  A/ H,0  )  at  90°C.  A  complete 
polarization  curve  from  the  open  circuit  potential  up  to  2 
volts  is  shown  at  a  rotation  speed  of  1000  rpin.  The  data 
indicate  that  the  active  dissolution  mode  i«  absent  in  this 
electrolyte  but  transpassivc  metal  dissolution  sets  in  be¬ 
fore  the  oxygen  potential.  Electropolishing  is  observed 
when  the  metal  dissolution  takes  place  at  or  beyond  the 
limiting  current.  The  value  of  the  limiting  current  in¬ 
creases  with  increasing  rotation  speed  following  a  Lcvich 
type  behavior.  This  is  demonstrated  in  Figure  3  which 


ANODE  POTENTIAL,  V  (vsMSE) 

Figure  2.  Potentiostatic  anodic  polarization  curves  for 
Iron  in  9.8 MH2POt  +  t MH,SO .  +  6.3 MHfi  at  90"C.  A 
complete  polarization  curve  is  measured  at  1000  rpm.  At 
other  rotation  speeds,  polarization  measurements  were 
taken  in  a  restricted  potential  region  to  determine  the 
limiting  currents. 
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shows  (he  measured  limiting  current  density  as  a  function 
of  the  square  root  of  the  rotation  speed  for  both  the 
electrolytes. 

The  above  results  indicate  that  the  electropolishing 
of  iron  in  phosphoric  and  phosphoric-sulfuric  acids  is  a 
mass  transport  controlled  process.  In  order  to  identify  the 
rate  limiting  species,  we  have  further  investigated  the  in¬ 
fluence  of  acid  concentration,  water  content,  and  bulk 
metal  ion  concentration  on  the  measured  limiting  current. 
For  a  semiquantitative  evaluation  of  (he  obtained  data, 
we  have  taken  into  consideration  the  influence  of  physical 
properties  of  the  electrolytes  on  the  ionic  transport.  For 
this  purpose,  we  have  experimentally  determined  the 
viscosity  of  these  solutions  and  estimated  its  influence  on 
the  diffusion  coefficient.  The  results  indicate  that  a  salt 
film  precipitation  involving  rate  limiting  transport  of 
Fel*  is  a  most  probable  mechanism  that  leads  to 
electropolishing  of  iron  in  these  electrolytes. 
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Figure  3.  Limiting  current  density  as  a  function  of  the 
square  root  of  the  rotation  speed  in  (•)  14M  H,PO,  and 
(A)  9.%MHlPO,  +  6MH2SO ,  +  6.3 MH20.  The  electro¬ 
lyte  temperature  is  90°C 
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LASER  STIMULATED  CHEMICAL  VAPOR  DEPOSITION 
OP  METALS  ON  POLYIMIDES 
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Diego,  CA  92127 


Polyimides  are  of  great  interest  as 
insulators  for  microelectronic  fabrication 
due  to  their  low  dielectric  constant  and 
planarizing  properties.  We  report  on  the 
laser  CVD  of  nickel  on  polyimide  and  the 
effects  of  this  deposition  on  the  electrical 
and  mechanical  surface  properties  of  poly- 
imides  as  well  as  a  review  of  the  micro¬ 
electronic  applications  of  this  technology. 


The  polyimides  used  in  this  experiment 
were  Toray  SP-710,  Hitachi  PIQ-13,  and  Ciba- 
Geigy  284.  Films  of  each  sample  were  spun 
onto  4  inch  p-type  silicon  substrates  and 
cured  at  420 #C.  Plasma  deposited  Si02  films 
were  compared  to  polyimide  films.  The 
thickness  of  all  films  tested  was  1.24m. 
Figure  1  shows  the  apparatus  used  for  these 
studies.  A  514. 5nm  Ar-ion  laser  beam  was 
folded  into  the  optical  path  of  a  microscope 
and  focused  through  a  suprasil  window  onto 
the  substrate  surface  to  a  spot  size  of 
12m® •  The  substrate  was  moved  under  the 
laser  beam  using  translation  stages.  Nickel 
was  deposited  from  Ni(CO)4  (Strem  Chemical) 
at  reduced  pressure  and  room  temperature  in 
a  static  chamber. 

Regulta  and  Plg^gglon 

The  deposited  nickel  lines  were  charac¬ 
terized  by  a  smooth  surface  without  periodic 
structure  and  without  physical  damage  to  the 
underlying  polyimide.  Auger  spectroscopic 
measurements  detected  less  than  5%  carbon 
and  oxygen  in  the  nickel  deposits.  Measure¬ 
ments  of  the  deposit  resistivity  were 
approximately  2  times  the  bulk  resistivity 
of  nickel  without  post  deposition  process¬ 
ing.  These  results  are  similar  to  previous¬ 
ly  reported  results  [1,2,3]  for  depositions 
of  nickel  on  inorganic  materials. 

Figure  2  shows  a  comparison  of  the 
deposition  of  nickel  as  a  function  of  the 
scan  rate  for  polyimide  and  Si02.  An 
enhancement  of  the  deposition  rate  by  a 
factor  of  3  to  10  was  found  on  polyimide  as 
compared  to  Si02.  The  temperature  rise  at 
the  surface  at  the  laser  spot  is  determined 
the  thermal  properties  of  Si02  and  poly- 
imidefl].  The  thermal  conductivity  of  Si02 
(3.9E-3  cal/cm-sec*K)  is  a  factor  of  8.5 
greater  than  polyimide  (3.9E-4  cal/cm- 
sec'K) .  This  translates  to  a  higher 
temperature  and  therefore  deposition  rate  on 
polyimide  for  the  same  incident  power. 

Figure  3  shows  results  for  line  shapes 
obtained  for  nickel  deposits  as  a  function 
of  scan  speed.  At  low  scan  speeds,  line 
shapes  tended  toward  rounded  peaks,  flatten¬ 
ing  intermediate  speeds  and  at  the  highest 
speeds  studied  became  double-humped.  The 
results  can  be  explained  by  an  increase  in 
temperature  at  the  depositing  edge  of  the 
line[ 1, 2] . 


Figure  4  shows  the  observed  position  of 
the  focused  incident  laser  beam  with  respect 
to  the  leading  edge  of  the  depositing  nickel 
line.  At  low  scan  speed,  the  laser  beam  is 
on  the  top  of  the  nickel  deposit  which 
allows  incident  power  to  be  dissipated  by 
the  nickel  conductor  resulting  in  a  low 
temperature  at  the  deposits  leading  edge. 

At  higher  scan  speeds  the  laser  reflection 
moves  to  the  leading  edge  of  the  deposit  and 
more  power  is  dissipated  at  the  thinner 
leading  edge  of  the  deposit  and  substrate 
resulting  in  a  higher  temperature  at  the 
deposition  point.  This  is  confirmed  by  the 
observation  that  for  a  given  input  power  the 
decomposition  of  polyimide  films  is  a  direct 
function  of  the  scan  speed.  As  the  scan 
speed  is  increased,  the  amount  of  decomposi¬ 
tion  in  the  polyimide  also  increases. 

I-V  measurements  were  made  on  an 
interdig itated  capacitor  which  was  deposited 
over  a  region  of  the  polyimide  exposed  to 
laser-induced  nickel  deposition.  The 
capacitor  was  biased  from  0  to  100  volts  and 
temperature  stressed  from  25  *C  to  125 *C.  A 
film  resistivity  of  approximately  9.0E15  ohm 
cm  was  found.  The  surface  resistivity  on 
polyimide  not  covered  with  nickel  was  2.0E15 
ohm  cm.  These  values  are  typical  of  the 
bulk  resistivities  of  polyimide  indicating 
the  CVD  reaction  did  not  affect  the  surface. 


Applications 

Applications  of  this  technology  within 
the  areas  of  IC  circuit  and  packaging  manu¬ 
facturing  and  repair  are  emerging.  This 
technology  is  being  applied  to  GaAs  circuit 
processing^] ,  and  photolithographic  mask 
processing[5]  and  other  metals  have  also 
been 

demonstrated,  i.e.,  Tungsten [ 4 , 5 ]  and 
Gold[6). 

References 

1.  Dieter  Bauerle,  Laser  Processing  and 
Diagnostics.  (Springer-Verlag,  New  York, 
1984),  p.  166. 

2.  W.  Krauter,  D.  Bauerle,  and  F.  Fimberger, 
Appl .  Phys.  hH,  13  (1983). 

3.  Irving  P.  Herman,  Roderick  A.  Hyde,  Bruce 
M.  McWilliams,  Andrew  H.  Weisberg  and 
Lowell  L.  Wood,  Materials  Research 
Society  Symposia  Proceedings,  Vol.  17, 
(Elsevier  Science,  Inc.,  1983),  p.  9. 

4.  J.G.  Black,  S.P.  Doran,  M.  Rothschild, 
and  D.J.  Ehrlich,  Appl.  Phys.  Lett.  ££, 
1016  (1987) 

5.  W.M.  Grossman  and  M.  Karnezos,  JVST 
843  (1987). 

6.  T.H.  Baum,  J.  Electrochem.  Soc. ,  134 . 

2616  (1987). 


280 


CROSS  SECTION  (urn  2  ) 


Height  (microns) 


Abstract  No.  196 

METALLIZATION  OF  NONCONDUCTING  SUBSTRATES  BY  MEANS  OF 
COMPOSITION  GRADED  INTERFACE  LAYERED  BY  PLASMA 
POLYMERIZATION  TECHNIQUE 

Byung  K.  Sun,  Dong  L.  Cho,  Thomas  J.  O’Keefe, 
and  H.  Yasuda 

Department  of  Metallurgical  Engineering, 
Department  of  Chemical  Engineering,  and 
Graduate  Center  for  Materials  Research 
University  of  Missouri-Roila 
Rolla ,  MO  bb^OI 


Structur-.l  incompatibility  between  nonconducting 
substrates  and  conducting  coatings,  in  terms  of  both 
chemical  bonding  and  properties,  makes  it  technically 
difficult  to  metallise  insulators.  Adhesion  between 
polymers  and  metals  is  known  to  be  poor  due  to  the 
absence  of  any  primary  chemical  bonding.  In  addition 
to  that,  the  high  stress  developed  at  the  interface 
due  to  sudden  changes  in  structure  across  the  inter¬ 
face,  has  been  blamed  for  a  major  portion  of  failures 
of  metallized  parts  under  operating  conditions. 
Therefore,  mechanical  interlocking  or  formation  of 
chemical  bonds  through  surface  modification  have  been 
tried  in  an  attempt  to  improve  metai-polymer  adhesion. 
Also,  many  of  the  present  wet  chemical  processes  for 
metallizing  nonconductors  require  costly  rigorous 
chemical  and  process  control  and  consist  of  numerous 
steps,  each  requiring  precise  handling  and  condition¬ 
ing  of  the  materials  involved. 

The  research  described  here  deals  with  the  appli¬ 
cation  of  a  composition  graded  interface  for  use  as  a 
preplate  for  metallizing  nonconducting  materials. 
Such  gradients  are  beneficial  in  minimizing  many  of 
the  problems  cited  previously.  The  composition  of  the 
graded  films,  which  changes  from  100X  organic  to 
nearly  tOOX  metallic  over  the  thickness  of  the  films, 
eliminates  sudden  changes  in  material  structure  and 
chemical  composition  between  two  dissimilar  materials 
and  assists  in  establishing  a  stronger,  more  durable 
interface.  Strong  adhesion  between  the  polymer  sub¬ 
strate  and  metallizing  material  can  be  obtained 
through  chemical  bonding  between  the  polymer  substrate 
surface  and  the  plasma  polymer  film  at  the  bottom  of 
tne  composition  graded  interface  and  metallic  bonding 
between  the  nearly  pure  metallic  layer  at  the  top  of 
the  interface  and  subsequent  metallizing  material.  In 
this  case,  the  process  scheme  consists  of  1)  layering 
a  composition  graded  interface  by  sputter  deposition 
of  a  suitable  electrode  material  with  simultaneous 
plasma  polymerization,  followed  by  2)  deposition  of 
the  desired  metallizing  material  by  electroless-  or 
electro-plating.  This  process  also  seems  to  have 
fewer  limitations  with  respect  to  the  polymeric  sub¬ 
strates  which  can  be  metallized.  Emphasis  in  this 
study  was  on  FRP  (fiber  reinforced  plastic)  substrates 
with  copper  metal  coatings. 
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Since  the  advent  of  the  use  of  resistance  heated 
sources  for  the  metallization  of  plastic  sub¬ 
strates  in  the  1940's,  both  the  sources  and  the 
process  have  undergone  many  changes. 

Evaporative  sources  have  evolved  from  single 
strand  to  multiple  strand  wires,  then  to  coil 
and  basket  forms.  Resistance  heated  crucibles 
and  boats  came  into  use  for  more  difficult 
evaporative  materials.  The  development  of 
intermetal  1 ic  boats  opened  the  door  to  the 
coating  of  plastic  film. 

Although  today  there  are  more  options  available 
for  coating  plastics,  resistance  heated  sources 
still  play  an  important  role  in  both  decorative 
and  functional  coatings.  The  versatility  and 
cost  effectiveness  of  using  this  method  of 
vacuum  deposition  still  makes  it  an  alternative 
worth  considering  almost  50  years  since  it 
became  commercially  available. 

This  paper  will  give  a  brief  description  of 
resistance  heated  evaporation  and  will  discuss 
how  present  day  methods  such  as  ion-assisted 
plating  evolved. 

Metallization  of  plastics  can  be  accomplished 
several  ways.  Several  factors  need  to  be  con¬ 
sidered  when  selecting  a  process.  Metallization 
via  resistance  heated  sources  will  be  compared 
and  contrasted  to  electron  beam  deposition  and 
sputtering.  Special  attention  will  be  given 
to  capital  equipment  costs,  deposition  rate  and 
overall  output,  and  applicability  of  each 
process  to  specific  materials. 

This  paper  will  also  give  an  overview  of  the 
most  popular  areas  for  metal  1 ization  of  plastics 
today.  It  will  target  decorative,  optical, 
shielding,  and  packaging  uses  for  metallized 
products . 


Abstrac 


t  No.  198 


METALLIZATION  OF  COMPOSITES  AND  THERMOPLASTICS 
VIA  ELECTROLESS  METALLIZED  CONDUCTIVE  COATINCS 
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There  exists  a  trend  in  today's  aerospace, 
electronic  and  automotive  industries  toward 
increased  applications  for  composite  materials. 
The  transition  from  metals  to  composites  and 
thermoplastics  for  strength  and  weight  consi¬ 
derations  also  presents  new  problems  in  the 
area  of  electromagnetic/radio  frequency  inter¬ 
ference.  To  compensate  for  these  inherent 
problems,  metallization  of  the  composite 
material  is  required.  Many  methods  of  metalli¬ 
zation  have  been  used  in  an  attempt  to  meet 
these  requirements.  Typical  materials 
considered  for  this  purpose  to  date  include: 
screen  mesh  and  metal  foils,  flame  spray,  metal 
filled  conductive  paints,  vacuum  metallization 
and  metallized  fibers/fillers.  While  effective 
in  counteracting  many  of  the  problems,  no  one 
material  has  demonstrated  the  ability  to 
effectively  meet  all  the  performance  parameters 
required  of  a  metallized  coating. 

Ia  this  paper  Enshield  CMT ,  a  new  emerging 
technology  incorporating  electroless  plating 
will  be  highlighted.  This  system  incorporates 
a  duplex  metal  layer:  a  highly  conductive 
copper  layer  and  a  protective  corrosion/wear 
resistant  electroless  nickel  top  coat.  This 
technology  provides  a  wide  range  of  performance 
benefits  required  of  a  metallized  coating 
including  the  ability  to  provide  high  levels  of 
attenuation  for  F.MI/RF1  shielding,  EMP  and  F.SD 
applications,  as  well  as  providing  protection 
to  composites  in  lightning  strike  appl ications. 
In  addition,  the  system  offers  major  processing 
advancements  in  Its  ability  to  be  field  repaired 
using  a  simple  .  economical  brush  plating 
procedure.  This  procedure,  along  with  the 
general  characteristics  of  the  coating  and  Us 
method  of  application  ,  arc  discussed  in  this 
paper . 
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The  production  of  complex  materials  in  thin 
film  form  onto  polymer  foils  is 
complicated  by  the  inability  of  these 
materials  to  tolerate  high  temperatures. 
Energy  is  required  by  the  depositing  film 
in  order  to  produce  the  desired  compound 
or  structure,  which  cannot  be  given  from 
substrate  temperature.  In  order  to 
produce  stoichiometric  compounds  or 
precise  alloys  the  deposition  process  must 
be  accurately  controllable,  and  energy 
supplied  simultaneously  to  activate 
reactions  for  molecular  or  structural 
arrangement.  High  rates  are  required  for 
economic  production,  which  can  generate  a 
loss  of  heat. 

This  paper  considers  the  use  of  a 
d.c.  planar  magnetron,  used  with  optical 
emission  control  of  the  reactive  gas,  and 
a  controlled  magnetron  field  to  allow 
plasma  to  be  directed  onto  the  growing 
film.  It  is  demonstrated  that  these 
techniques  lead  to  stable  processes 
allowing  the  high  rate  production  of 
compound  films,  with  precisely  controlled 
stoichiometry  and  structure,  onto  flexible 
..-.a  rigid  polysier  substrates,  t,  ',<:!(  ) 

Detailed  examples  are  given  for  the 
production  of  indium  oxide  and  titanium 
oxide  films  by  the  reactive  sputtering 
of  the  metal  in  an  argon/oxygen 
atmosphere.  Film  resistivities  of  around 
4  x  10"‘  ohm. cm  were  achieved  with  indium 
and  indium/tin  oxides  during  high  rate 
production  onto  both  flexible  P.E.T.  and 
rigid  acrylic,  with  high  visible 
t  ransparanc ies . 

Refractive  indices  of  up  to  2.55,  measured 
at  633nm,  could  be  obtained  with  T. 0,  film 
made  with  self  biasing  above  -20Volts. 
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hlectrcplatinq  of  plastics  requires  that 
the  substrate  surface  be  ita.de  sufficiently 
conducting  to  allow  electrochemical  deposition 
of  metals  and  the  surface  should  be  prepared 
to  allow  for  300d  adhesion  of  the  metal  to  the 
substrate! 1) .  Flatin-  on  plastics  (POP) 
involves  five  basic  steps (2).  They  are  (i) 
Preconditioning  (ii)  fensitizinq  (ill) 
Activating  (iv)  "lectroiesc  deposition  and  (v) 
"lectrolytic  platinp.  A  nee:  approach  to  POP, 
now  a  d::ys,  consists  of  coatinp  the  non 

conductin’  substrate  with  elastomeric  binder, 
cor. -aininq  selected  r.otal  oxides.  These  metal 
oxides  are  then  reduced  to  the  metal  through 
elec  tree  hemicc.1  reduction  and  the  coat  iny  i-s 
made  electrically  conducting  sc  that  _t  can  be 
electroplated  directly  or  car.  be  plated  from, 
electroless  solutions(3) • 

This  paper  describes  a  successsful  m.thod 

of  producing  an  activated  plastic 

( polystyrene)  film  directly  durir.-;  its 
casting.  Thus  -i-5  C  of  finely  powdered 

polystyrene  is  slowely  dossclved  in  about  ICO 
ml  of  xyler.e.  Turin;  dissolution  a  few  drops 
of  an  aryl  alcohol  ar-'  w  ’  whi 2 e  stirri.jy 
with  a  "lass  rod.  To  Cv-25  ml  of  this  viscous 
fluid  are  aided  3  - b  wr  o.ach  of  ;ol  d  no  tt  as  slum 
cyanide  AAu(CA)?,  and  potassium  hydroxide 
The  mixture  is  rapidly  mixed  by  viperous 
r.tirrir.  •  with  ylars  rod.  This  Is  allcwo:  to 
stand  for  a:  out  five  mi. -autos .  The  mix  tare  is 
a ;nin  stirred  vigorously  as  before  an  i  a  pi  in 
•allowed  to  star.'',  "his  is  repeated  several 
tir.es  till  the  colour  of  try.  r.oiuti'>:»  tarns  to 
clear  canary  v'-Ilow  f  »*o:*.  colne.ri.es.  The 
yellow  colour  of  the  solution  is  an  Indication 
that  ’old  potassium  cyanide  has  reduce;  to 
poll  metal.  Pour  the  solution  (about  1-1  i.*.  1 ) 
0:>  a  cleaned  ana  dried  pi  ass  slide.  Allow  to 
settle.  On  drying  the  film,  pour  more  elution 
on  it  and  a  pain  dry.  P.epeat  this  till  a  film 
of  sufficient  thickness  (C.I  mm)  is  cast. 
Pemove  the  film  and  preserve  it  in  descicator. 
After  curin',  coat  tie  film  with  'old  usin,! 
electroless  technilque  as  follows:  Immerse  the 
film  in  ■?.  solution  mixture  containing  a  mold 
complex  solution  (1.5  l/l  KAu(Cm)2,  .5  -/ 1 
ACT,  1C  y/l  AO:1)  and  potassium  borohydrato 
(0.01')  as  the  reducing  a  pent  at  room 
temperature.  The  two  films,  one  before 
olcctroless  ;old  and  other  with  electroless 
pold  deposit,  arc  then  examined  by  G!\7.  and 
A.CCA  techniques,  T7.7  studios  revealed  that  the 
film  which  was  cast  showed  uniform 
distribution  of  *old  parti  clear,  in  the  for",  of 
•;1 1  tterlnp  particles  aqainst  dar!:  polystyrene 
matrix,  film  with  el  retro  loss  '-oil  shewed  a 
no tworh  of  fine  'old  threads,  '■CCA  studies  of 
both  these  films  confirmed  the  presence  of 


•octal  1  i 

s  -r.ll,  Alt  ho 

u-h  the  cel 

our  of  1  i 

ui-1 

was  ele 

ar  yellow  the 

films  forme 

l  from  it 

we  »*o 

act  ye 

11  o'..'  but  ''ale 

violet  •-'•  r 

prey  bine 

‘  in 

cm lour. 

This  r.  I'fr.t  : 

due  to 

atomised 

"old 

reduced 

b'  Aicro  " 

raphe  s: 

ho  wed 

we  1 1 

.1  Lutin' 

wished  areas 

of  nolyner 

and  yold. 

The 

film  fo 

rmed  was  ratr.e 

r  brittle  l: 

s  nature. 

The  procedure  of  producin'  of  activate  i 
film,  outlined  ir.  this  paper,  offers  a  row 
approach  to  .r.ctui-.  inishinm  of  plastics 
haviiij  followin'!  advantages:  The  activated 
film  is  produced  from  a  non  aqueous  .e:ij’ 
containin'!  an  organic  solvent  and  ?.  roijci:.; 
ament.  The  ..jethod  dose  not  involve  t  o-  stops 
such  as  preconditioning,  sensitizing  an  i 
activatin'  the  substrate  normally  ad  op*-  ea  in 
the  conventional  methods  of  ?0F.  As  the 
activation  arid  subsequent  metallisation  tax  as 
place  frc.fi  within  the  substrate  film, 
adhesion  of  the  r.otal  dopes  iter  and  the- 
plastic  .matrix  is  excellent  duo  to  mechanical 
bondin';.  This  method  .has  potential  to  -o 
applicable  to  a  Treat  variety  cf  clast* 

styrene.  Tire  selection  of  proper  solvw.t  ":;r 

suitable  or  panic  r  a due in ;  a  rent  are  the  -.air. 
criteria  of  the  net  hoi .  At  her  non  conductin'’ 
substrates  can  be  made  conductin'  by  spray in 

reiucinp  a;  er.t  ar.d  an  nor.  accueeus  mc-diu... 

n A , s i v. u  1 1 a r a o u r  1 " .  In  such  case?  the  adh.TSicn 

coefficient  of  thermal  expansion  between  the 
oripir.nl  r.cn  conducting  substrate  ar.  i  in*. 


The  rinoly  distribute!  metal  pxrticles 
in  the  plastics  obtained  by  this  •wot:.. 
provide  for  a  -radual  transition  fro:,  hi  •. 
coefficient  cf  thermal  expar.sio**  of  sh ' 

ri?=\ir  ^ioov-Vh 

s i i V. n trat  o  an  i  t h. o  ^ eta  1  f  1  nils::  d u r  1  r.  ; 

c 7 p a r. s i c n  o r  s h rirhr  -<? . 

.  ::porimv!h  al  evidence  in.!  i cates  that  “ho 
b'.  ;;•>]  :  .octal  decrees  w:  at  h.i  _  •?” 


(1)  r.urina’.i  an*  Wmvn son,  fl-.tir.-. 

•1,  i  •?■'•)  (.:)  .  Arulic, 

•  J . C b  * .  -•v.  :  , ? - 1  ( 1  ;7  ) . 

(3)  J.:‘.  huoinrV.i ,  J .  \"t- 1  .Polymer .  Ac  i .  17, 

T  b9(i;-73). 
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Recently  direct  laser  metallization  of  semi¬ 
conductor  substrates  immersed  in  electroplating 
solution  without  use  of  external  current  or 
lithography  procedures  have  been  reported  by 
several  investigators  (1-4'.  No  major  efforts, 
however,  have  been  devoted  to  laser  induced  direct 
metai  deposition  on  polymeric  substrate  immersed  in 
electroplating  solutions  (4).  Use  of  pulse  UV  laser 
irradiation  for  direct  metal  deposition  without  any 
surface  treatment  such  as  sensitization,  or 
activation  ar id  without  external  power  and  masking 
procedures  makes  the  research  work  a  new  one  as 
compared  to  previous  studies  (4,5;. 

Experimental 

A  polyimide  "Kopton  H"  (produce. I  !•>  'H?  Pont, 
U.S.A.)  was  immersed  up  to  Iran  depth  in  HAuCl*  (20 
gr  I  in  ethanol)  and  irradiated  perpendicularly  by 
a  U.V.  laser  beam  at  193nm  using  a  Lambda  Physics 
excimer  laser  model  201MSC.  Two  levels  of  laser 
energy,  one  at  lG0-200mg/ pulse  and  the  other  at 
less  than  100  raj /pulse  were  used.  Laser  repetition 
rates  of  2Hz  to  '30Hz  and  number  s  of  pulses  from  5  to 
2000  were  used  for  each  energy  level  in  this  work. 
Specimen  observations  and  detections  of  presence  of 
elemental  gold  were  carried  out  by  SEM  4  EDS, 
FSCA  and  Auger  techniques. 

Results  and  Discussion 

Gold  deposit  produced  via  UV  lase*-  irradiation 
on  polyimide  substrate  is  shown  in  Fig.  I.  The 
effect  of  increasing  the  number  of  pulses  at 
constant  high  energy  level  JG0  mj/pulse)  at  a 
repetition  rate  of  10Hz  is  characterized  by  bubble 
format  ion  Fig.  I'.  At  number  of  pulses  higher  than 
one  hundred,  bubbles  were  formed  and  grew  (Fig.  IB' 
while  at  lower  numbers  of  pulses  no  bubbles  were 
observed  'Fig.  1 A i .  White  zones  shown  in  Fig.  1A 
indicated  local  concentrations  of  gold  deposit.  The 
same  phenomenon  was  observed  at.  other  repit  it  ion 
intes.  Irradiation  of  polyimide  under  I  he  same 
conditions  without  gold  solution  resulting  in 
bubble  formation  suggested  damage  events  in  the 
polyimide  substrate. 

The  data  indicated  that  the  bubble  diameter  as 
w**l  1  as  the  surface  coverage  by  bubbles  changed 
signi f leant iv  with  the  number  of  pulses.  A  typical 
relationship  between  surface  coverage  and  number  of 
pulses  is  of  S  type.  A  linear  relationship  was 
established  between  bubble  diameter  and  number  of 
pulses.  From  the  data  presented  (Fig.  not  shown*, 
nucleation  rate  was  calculated  to  be  4*2* 10* 
cm  2  sec ■ 1  ’ 

Auger  depth  profile  analysis  of  bubbles  that 
were  pr oduced  in  gold  solution  revealed  that  the 
presence  of  elemental  gold  was  associated  with  that 
of  carbon. 

However ,  at  a  laser  energy  level  of  95  mj/pulse 
no  bubbles  were  dete«ted  at  the  irradiated  zones. 


Under  these  conditions  gold  deposits  without 
bubbles  were  formed  at  5 Hz  and  7Hz,  while  the 
number  of  pulses  ranged  up  to  2000  to  give  gold 
deposit  thickness  up  to  1 .  Opon  (Fig.  2).  The  gold 
deposit  produced  by  this  technique  was  carbon  free 
as  revealed  by  Auger  spectroscopy  through  film 
thickness  of  more  than  5000A6 .  Gold  sheet 
resistance  measured  by  four  probe  points  was  found 
to  be  1.45  fl/o  and  2.45  fi/D  for  1000  and  2000  laser 
pulses  at  low  laser  energy  respectively.  Measure¬ 
ment  done  on  the  polyimide  and  on  the  gold  deposit 
produced  by  high  level  laser  energy  (bubble  covered 
area}  did  not  show  current  transfer  with  our 
instrument  for  sheet  resistance  measurements. 

Laser  induced  metallization  on  polyimide  sub¬ 
strate  appeared  to  be  a  complicated  phenomenon. 
Thermal  and  photochemical  processes  were  apparently 
involved.  The  temperature  increase  in  the  substrate 
under  irradiation  was  large  [300‘C  and  more  at  the 
surface  (6))  even  at  a  number  of  pulses  as  low  as 
50  and  less  at  laser  energy  density  around  5*10* 
watt /cm2.  This  direct ly  due  to  the  absorption  coef 
f  icient  (B  10s cm-1  at  193nra'  which  confined  the 

depth  of  penetration  to  around  I03Ac.  This  local 
heating,  with  subsequent  pyrolysis,  modified  the 
polyimide  into  semiconductor- t ype  material  79. 
The  higher  laser  energy  irradiation  resulted  in 
•  nl  heating  and  the  temperature  rise  caused 
formation  of  bubbles  containing  probably  gases  such 
as  C02,  CO,  N2,  HCN,  a  fact  reported  by  several 
investigators  (7,8) .  This  behavior  will  contribute 
to  photoelectron  generation  at  the  polyimide 
surface  which  will  penetrate  the  substrate- 
electrolyte  interface  to  give  an  atomic  metal 
deposit  (10,11,12).  The  deposit  was  found  to 
consist  of  pure  elemental  gold  under  all  irradia¬ 
tion  conditions.  Further  discussion  will  follow  in 
the  paper. 
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Metal  incorporation  into  polymers  is  of  great  interest  in 
many  technical  areas.  Metal  interaction  with  polyimide  has  been 
extensively  studied  with  the  idea  of  improving  mechanical  [1] 
and  adhesive  properties  properties  [2].  Enhanced  surface 
reflectivities  have  also  been  reported  for  polyimides  doped  with 
copper  [3]  and  silver  salts  [4].  In  the  case  of  palladium  salt 
incorporation  into  polyimide,  it  has  resulted  in  a  ten-fold  increase 
in  surface  conductivity  [5].  These  reports  mainly  discuss  the 
chemical  state  of  the  elements  present  in  the  film,  their  relative 
concentration,  and  the  effect  of  subsequent  thermal  curing  on 
metal  migration.  The  successful  metalization  may  suggest  useful 
applications  like  a  direct  imaged  seed-layer  fabrication  with  good 
adhesion  to  polyimide  film  and  others.  We  like  to  report  here 
our  study  of  direct  patterning  of  polyimide  images  with  a 
buit-on-metal  layer  on  the  images,  by  combining  our  direct 
imaging  method  of  polyimide  films  by  pulsed  electron  beam 
exposures  in  soft  vacuum  and  metal-salts  incorpoation  in 
polyamic  acid  films.  We  have  already  reported  our  direct 
patterning  of  polyamic  acid  using  pulsed  electron  beams  in  solft 
vacuum  [6,7]. 

AgNO,  doped  potyunk  add  patterning 

Two  grams  of  silver  nitrate  was  dissolved  in  5  ml  of 
N-methyl-pyrollidinone  (NMP)  and  homogeneously  mixed  with 
about  20  ml  of  polyamic  add,  PI 2555.  The  AgNOj-doped 
polyamic  acid  film  with  a  0.6  pm  thickness  spin-coated  on  a 
silicon  wafer  was  soft-baked  at  50°C  for  30  min.  The  film  was 
then  exposed  in  a  proximity  mode  to  50-100  pulses  of  28  KcV 
electrons  produced  in  30  mTorr  air,  with  a  total  dose  of  5  x  10-4 
to  1  x  10-J  C/cm2  The  images  was  completely  developed  in 
NMP  for  about  1  min.  The  pattern  was  heated  to  300°C  for  1 
hr.  The  exposed  surface  turns  shiny  and  a  foggy  metallic  luster. 
The  bright  region  of  Fig.  1  was  obtained  in  this  way.  The 
darker  region  of  Fig.  1  has  an  additional  process  of  electron 
beam  hardening  prior  to  300  °C  heating.  Clearly  the  darker  area 
has  more  met&Uzation  than  the  bright  area. 

The  distributions  of  each  element  in  the  film  as  a  function 
of  Ar  sputter  time,  and  so  of  depth  from  the  surface  before 
heating,  after  300°C  curing,  and  after  electron  beam  hardening 
and  300°C  curing  are  shown  in  Fig.  2a,  2b  and  2c,  respectively. 
The  result  clearly  demonstrates  silver  migration  to  the  surface, 
particularly  after  the  electron  beam  hardening.  The  electron 
beam  exposure  may  assist  silver  reduction  from  cationic  state  to 
neutral  state. 

Patterning  of  gold  and  copper  doped  polyamic  add 

Patterning  and  metalization  of  gold  and  copper  doped 
polyamic  acid  were  carried  out  with  Engelhard's  gold  compound 
(6854)  and  cupric  chloride,  respectively,  using  pulsed  electron 
beams  as  described  for  silver  doped  polyimide  film.  In 
gold-doped  polyamic  acid  there  it  a  tendency  for  phase 
separation  to  gold-rich  and  gold-poor  regions.  With 
copper-doped  polyamic  acid  the  curing  had  to  be  done  in  vacuum 
in  order  to  avoid  oxidation. 


Fig.  1  Patterning  of  AgNOj  doped  polyamic  acid  and  effect  of 
electron  beam  hardening:  imagewise  exposure  at  28  KeV,  50 
pulses,  electron  beam  hardening  with  150  pulses  only  in  dark 
region,  curing  at  300°C. 


Fig.  2  Elemental  distributions  as  a  function  of  depth  from  the 
surface,  (a)  before  curing,  sputter  time  from  0  to  40  nun  with 
sputter  rate  of  73.2  nzn/min  (b)  after  curing  at  300°C,  sputter 
time  from  0  to  15  min  with  23.0  nm/min  rate  (c)  after  e-beam 
hardening  and  curing,  sputter  time  from  0  to  15  min  with  23.0 
nm/min  rate. 
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When  evaluating  functional  vacuum  metallizing 
two  types  of  questions  arise.  There  are  the  what 
questions  and  the  how  questions.  The  what  questions 
are  what  can  be  plated,  what  coating  will  be  most 
effective,  and  what  will  it  cost.  The  how  questions 
are  how  it  is  done,  how  thick  are  the  coatings,  how 
much  production  can  be  achieved,  and  how  can  the 
process  be  controlled. 

There  are  many  metals  and  combinations  of  metals 
which  can  be  deposited  on  a  wide  variety  of  platics. 
Thermal  and  thermal-set  plastics  are  routinely 
metallized  for  electrical  purposes.  Proper  handling 
and  surface  preparation  will  maximize  bonding 
strength  in  regards  to  the  vertical  pull  test.  In 
some  instances,  the  choice  of  metal  will  significantly 
affect  bonding. 

To  evaluate  which  coating  will  be  most  adequate 
for  any  application  a  number  of  factors  must  be 
considered.  Environment  can  adversely  affect  some 
n.s'tal  depositions,  abrasion  can  be  a  factor,  and  the 
end  use  might  require  either  a  high  or  a  low  surface 
resistivity.  Coating  options  can  be  either  monolayer 
or  laminated  depositions  and  may  even  have  some 
nonmetal lie  components. 

Because  this  is  a  batch  process ,  the  question 
of  what  it  will  cost  and  how  much  production  can  be 
achieved  are  closely  related.  Most  shielding  is 
discriminate  so  different  masking  requirements  can 
mean  more  labor  to  load  or  unload  parts.  There  will 
always  be  some  amount  of  fixturing  which  must  be 
fabricat  d  to  hold  the  parts  in  the  vacuum  chamber. 

In  every  case,  there  is  one  constant  factor,  and  that 
is  the  more  parts  which  you  can  get  into  the  vacuum 
chamber  and  still  affectively  coat  the  lower  your 
cost  will  be  and  the  greater  will  be  your  production. 


Several  factors  determine  the  thickness  of  the 
coatings.  The  level  of  vacuum  determines  the  mean 
free  path.  Rate  and  duration  of  evaporation  and  the 
mass  of  the  charge  determine  how  much  metal  vapor  can 
be  produced  and  with  what  force  it  can  be  thrown  from 
the  filaments.  Finally,  the  geometry  of  the  shot  is 
very  important  because  thermal  deposition  is  essenti¬ 
ally  a  line  of  sight  process. 

When  multi  cavity  fixed  tooling  has  been 
fabricated,  masking  on  each  part  should  be  typical 
from  one  part  to  another.  Surface  resistivity  does 
vary,  but  it  can  be  held  within  acceptable  limits 
so  it  is  useful  as  a  SPC  measurement.  Advancements 
in  equipment  design  augur  well  for  improved  monitor¬ 
ing  and  shot  to  shot  consistency. 

Vacuum  metallizing  lias  been  around  a  long  time. 
Functional  coating,  and  by  that  I  refer  to  EM1/RFI 
and  ESD  shielding,  is  a  new  aspect  to  an  old  art. 

As  a  process  metallizing  is  deceptively  simple  and 
easy  to  understand.  It's  versatility  is  impressive 
and  it  is  environmentally  friendly.  This  paper  won't 
make  you  a  metallizer,  but  you  will  be  able  to  talk 
to  one  effectively  regarding  your  own  application. 
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Use  of  solar  energy  to  generate  electric 
power  and  process  heat  frequently  requires 
large  mirrors  to  provide  high  levels  of 
concentrated  sunlight.  Hundreds  of  millions 
of  square  meters  per  year  of  collection  area 
could  ultimately  be  needed  to  substantially 
displace  conventional  fuel  usage.  The  weight 
and  fragility  of  glass-metal  mirrors  impose 
considerable  structural  support  constraints 
that,  coupled  with  the  material  costs,  are 
economically  infeasible.  Metallized 
polymeric  reflector  materials  offer 
significant  system  weight  reduction  and 
price  savings,  while  affording  greater 
flexibility  in  terms  of  system  design.  Such 
materials  must  maintain  high  optical 
performance  over  extended  service  lifetimes. 

On  the  basis  of  optical  performance,  silver 
is  the  reflector  material  of  choice.  The 
hemispherical  reflectance  of  a  freshly 
deposited  silver  film  weighted  over  the 
solar  spectrum  (0. 3-3.0  micrometers)  is 
greater  than  97%.  A  transparant  front 
surface  protective  layer  is  required  to 
shield  the  silver  from  abrasion,  soiling, 
and  corrosion.  Typically,  an  acrylic  polymer 
with  UV  absorbers  (to  inhibit  ultraviolet- 
photon-activated  degradation)  is  used.  The 
solar-weighted  hemispherical  reflectance  of 
such  an  unweathered  silvered  acrylic 
material  exceeds  92%. 

To  attain  high  system  energy  conversion 
efficiencies,  concentrated  sunlight  must  be 
used.  This  means  that  hemispherical 
reflectance  is  not  an  adequate  measure  of 


optical  performance;  candidate  mirror 
materials  must  exhibit  very  good  specular 
reflectance  as  well.  Depending  upon  the 
solar  technology  application,  the  system 
requirement  is  90%  reflectance  into  a  full 
cone  angle  of  4-8  mrad .  Such  performance  has 
been  demonstrated  for  unweathered  materials; 
the  present  thrust  is  to  maintain  this  level 
over  a  minimum  5-year  lifetime. 

The  durability  of  candidate  metallized 
polymer  reflector  materials  is  a  cr ideal 
issue.  Resistance  to  optical  degradation 
caused  by  ultraviolet  radiation,  atmospheric 
pollutants,  abrasion,  and  soil  retention 
must  be  demonstrated.  Adhesion  at  the 
silver/polymer  interface  is  another 
potential  problem  exacerbated  by  moisture 
absorption.  Several  approaches  were 
undertaken  to  mitigate  these  effects.  Hard 
coats  were  synthesized  and  shown  to  impede 
abrasion.  Such  hard  coats  could  possibly 
serve  as  barriers  to  water  vapor  and 
external  pollutants  as  well.  Typically,  hard 
coats  are  thermally  cured.  Substantial 
savings  in  manufacturing  costs  can 
potentially  be  realized  by  a  UV  curing 
process,  but  the  weatherabi 1 ity  of  UV-cured 
hard  coats  may  be  a  problem. 

Another  approach  to  preventing  degradation 
is  to  deposit  a  passivation  layer  at  the 
silver-polymer  interface.  Such  a  layer  may 
take  the  form  of  a  very  thin  metallic 
coating  or  an  organic  coating.  By  creating  a 
barrier  at  the  interface,  protection  against 
both  external  and  internally  generated 
(i.e.,  within  the  polymer  film)  reactants 
can  be  provided.  At  the  same  time,  such  a 
coating  could  also  promote  adhesion. 

Durability  studies  of  candidate  silver 
polymer  mirrors  were  carried  out  as  a 
function  of  real-time  outdoor  weathering  and 
accelerated  exposure.  Major  progress  was 
made  toward  achieving  a  long-term  goal  of 
demonstrating  a  specular  reflectance  of  90% 
that  is  maintained  for  at  least  5  years . 
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Thick  (1  mm) ,  adherent  copper  was  needed 
on  low  coefficient  of  expansion  glass  to 
serve  as  a  heat  sink  for  a  laser 
calorimeter.  Also,  adherent,  diamond- 
turnable  coatings  on  glass  approximately  75 
pm  thick  were  sought  for  possible 
improvements  in  the  optics  of  systems 
currently  fabricated  from  metal. 

To  meet  these  requirements,  vacuum 
deposition  and  electroplating  were 
combined.  An  initial  adherent,  thin  layer 
was  deposited  by  magnetron  sputtering  and 
then  thick  copper  was  built-up  by 
electroplating.  This  combined  usage  of  these 
two  different  coating  processes  is  but  one 
example  of  applications  wherein  these 
technologies  can  complement  one  another 
(1*2) . 

The  conventional  technology  used  Ky 
platers  for  metallizing  non-conductors  via 
stannous  chloride/palladium  chloride 
activation  followed  by  electroless  deposition 
prior  to  final  electroplating  is  not 
acceptable  for  glass  when  thick  coatings  are 
required.  With  this  process,  deposits 
thicker  than  around  12.5  pm  {0.5  mil)  easily 
separate  from  the  glass  substrate. 

The  generally  accepted  criterion  for 
adhesion  between  a  metal  film  and  an  oxide 
substrate  such  as  glass  is  that  the  metal 
must  be  oxygen  active  to  react  chemically 
with  the  oxide  surface,  forming  an 
interfacial  reaction  zone  (3).  The  more 
negative  the  heat  of  formation,  the  higher 
the  affinity  for  oxygen.  Metals  which  have 
worked  well  as  binding  (or  glue)  layers  for 
glass  include  chromium,  titanium  and 
vanadium. 

For  this  work,  a  low  stress  titanium 
binder  layer  1000  A  thick  was  first  applied 
and  without  breaking  the  vacuum  in  between 
the  coating  steps,  this  binder  layer  was 
overcoated  with  60,000  A  of  copper  by 
magnetron  sputtering.  The  samples  were  then 
electroplated  to  final  thickness  (1  mm)  in  a 
proprietary  acid  copper  solution  (4). 


An  extremely  important  part  of  this  work 
was  the  deposition  of  coatings  with  as  close 
to  zero  stress  as  possible.  Data  were 
generated  on  the  influence  of  pressure  on 
stress  during  magnetron  sputtering  and  the 
influence  of  current  density  on  stress  during 
copper  electroplating.  During  magnetron 
sputtering,  it  was  shown  that  as  the  pressure 
increased,  the  tensile  stress  in  the  deposit 
decreased,  reaching  zero  at  a  pressure  of  20 
microns.  During  electroplating,  zero  deposit 
stress  was  obtained  when  plating  was  doge  at 
a  current  density  of  1.6  A/dnr  (15  A/ft^). 
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Electroless  nickel  plated  polymethyl 
methacrylate  is  employed  in  automotive 
parts,  reflectors,  waveguides,  aircraft 
windshields,  EMI  shieldings  etc.  Present 
studies  pertain  to  development  of  a  novel 
and  cost-effective  electroless  technique 
for  depositing  thin  Ni-P  coatings  on  this 
thermoplastic  material. 

In  the  experimental ,  5  cm  x  5  cm,  3  mm 
thick  substrates  cut  from  a  sheet  were 
plated  in  the  sequence  given  in  Table  1. 

As  polymethyl  methacrylate  nas  a  polar  side 
chain,  it  is  attacked  by  polar  solvents  such 
'iS  methsnol,  which  cleans  and  etches  its 
surface.  Further  treatment  in  hot  NaOH 
increased  the  wettability  and  produced 
anchors,  which  helped  to  adsorb  SnC^  on 
sensitization.  Upon  activation,  Pd  grains 
were  formed  on  the  surface. 

Next,  tne  activated  substrate  was  electro- 
loss  plated  in  the  bath  heated  to  bS-93°C. 
Tne  ratio  of  volume  of  substrate  to  volume 
of  solution  was  1:2.  The  bath  composition 
and  other  operating  conditions  are  Dresented 
in  Table  2.  Furtner  elec tropla ting  nickel/ 
copper  was  possiDle  af  ter  this  rr.etall  iza  tion. 

The  coating  thickness,  sneet  resistance  and 
adnesivity  were  measured  by  tne  conventional 
tecnniques.  The  as-deposited  adnesivity  was 
very  low.  Tne  plated  substrates  were  annea¬ 
led  at  different  tenn-.ra tures  in  the  range 
of  4u-15C°C  for  different  periods.  The 
annealing  cycle  finally  optimized  is  given 
in  Fig.  2.  The  values  of  sheet  resistance 
and  adnesivity  before  and  after  annealing  2 
were  36  and  21.1  Jt/o  and  6.5  and  65  ko/crn 
respec  tively . 

The  as-cepositec  coating  on  the  substrate 
naa  a  honey-comb  structure  [Fig.  1(a)].  A 
cross  section  of  the  planted  plastic  revealed, 
that  initial  adhesion  occurs  by  a  mechanical 
keying  effect  [Fig. 1(c)].  However,  after 
annealing  the  internal  stresses  present  both 
in  the  substrate  as  well  as  in  the  coatino 
are  relieved.  The  entrapped  sases  are  also 
expelled  [Fig.  1(b),.  Hence,  the  bond 
strength  increased.  The  bond  strength 
became  maximum  near/above  tne  softening 
point  of  the  plastic,  which  sugnested  the 
possibility  of  a  cohesive  bonding  between 
the  metal  and  plastic. 
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Table  1 

Polymethyl  Methacrylate  Plating  Process 


Step 

Solution 

Temp. 

(°c  ) 

T  ime 
( min ) 

Deg  reas ina 

Alkaline 
c leaner 

60-70 

6 

Rinsing 

DI.  water 

Room 

6 

Etching 

Methanol 

Room 

3 

Alkaline 

treatment 

NaCH(20*) 

60-70 

5 

Rinsing 

DI.  water 

Room 

5 

Sens i tizino 

SnCl2( 1  c/L ) 

+  HC1  (1  ml) 

Room 

2 

Rinsing 

DI.  water 

Room 

5 

/a c  tivatinn 

Pdci2u  o/l; 

+  HClU  ^1) 

Ro-'m 

2 

H  ins  i  nc 

LI.  water 

= 

Elec  tr oless 
pi a  ling 

Elec treiess 
nickel 

9C 

:o 

Table  2 

6  a  th 

Somoosition  and 

Ccnci tions 

NiCl0.6H 

2° 

C.2  o/L. 

;;,h2pc2. 

h\C 

1.2  q/L 
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6.1 
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20  min 

Coa  tinn 
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lose  a° 

!93 


Fig.  2  Annealing  cycle  for  plated  polymethyl 
methacrylate 
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After  introduction  of  industrial  electro¬ 
less  metal  deoosition  on  plastic,  glass,  cera¬ 
mic  and  other  dielectric  surfaces,  three  theo¬ 
ries  have  been  put  forward  -  silicate,  hydro¬ 
lysis,  and  ion-exchange  -  which  seek  explanat¬ 
ion  for  the  mode  of  retention  on  these  poly¬ 
mers  of  the  tin(II),  silver(I)  and  palladium 
(II)  ions  upon  activation  in  the  first  gene¬ 
ration  of  electrolytes. 

At  the  end  of  the  'sixties  the  authors 
were  the  first  to  apnly  the  radiochemical 
method  and,  as  a  result  of  extensive  studies, 
they  established  that  the  sensitization  and 
activation  of  plastic  surfaces  Is  the  result 
of  adsorption-diffusion  processes.  Determinant 
is  the  ionic  adsorption  of  the  complex  tin(II) 
chloride  ions,  the  pa lladium( II)  chloride  ions 
respectively.  It  depends  on  the  real  surface 
of  the  plastic,  on  the  concentration  of  the 
metal  ions,  and  on  the  pFT  of  the  electrolyte, 
as  well  as  on  the  temperature  and  duration  of 
the  treatment. 

The  sorption  of  the  tin(II)  chloride  ions 
is  of  orimary  significance  in  the  sensitizat¬ 
ion.  the  colloid  particles  consisting  of  a 
core  of  hydrated  S0O2  and,,  of  an  outer  adsorpt¬ 
ion  layer  rich  in  phCl  1  "  or  (OH") 

Cl”Jn",  which  are  present  in  a  small  amount  in 
the  sensitized  electrolyte  or  are  additionally 
Introduced,  raise  insignificantly  the  concen¬ 
tration  of  the  tin  sorbed  by  the  plastic  (col¬ 
loid  adsorption).  At  the  subsequent  activation, 
both  from  the  plastic  surface  and  from  the 
hydrolysis  products  of  the  tin  are  sorbed 
(PdC 24]  2-  which  react  with  [SnCln']  to  the 
respective  complex  Pd-Sn-Cl  ions: 

[Pdci4]2%{sncln]2-n  ♦  [sn2+  (0H-)y  Ci;]"- - > 

K*  st,2+ci;]D- 

The  second  stage  ia  redox  reaction  to 
Pd  and  Sn4* : 

[pd2  * Sn2  *C  l”^|n”  - *  xPd+p[snCl6~|  2"  ♦ 

♦  qlsnClJ2*” 

It  la  possible  that  the  palladium  nuclei 
formed  are  a  Pd-Sn  alloy. 

Using  SEM,  nuoleatlon  was  observed  at  the 
conaeoutive  sensitisation,  ionic  activation, 
and  electroless  copper  deposition  on  various 
plastic  surfaces. 

On  the  basis  of  these  adsorption-diffus¬ 
ion  concepts  the  authors  developed  and  optim¬ 
ised  the  second  generation  of  electrolytes  of 
the  direct  ionic  activation  and  the  fourth  ge¬ 
neration  -  that  of  colloid  activation.  They 
demonstrated  theoretically  the  inexpediency  of 
the  third  generation  of  electrolytes  of  etch- 
activation. 


The  processes  involved  in  obtaining  coll¬ 
oidal  activating  palladium  solution  were  syst¬ 
ematically  investigated.  The  first  stage  is 
also  connected  with  reaction  of  the  tln(II) 
and  palladiu»( II)  chloride  Ions  to  several 
complex  Pd-Sn-Cl  ions.  The  large  excess  of 
tln(II)  chloride  in  the  solution  (3<:Sn/Pd-*80) 
accounts  for  the  high  speed  of  the  complexlng 
reaction. 

The  second  stage  is  characterised  by  era- 
dual  transition  of  Pd-Sn-Cl  ions  into  palladi¬ 
um,  accordingly  into  a  Pd-Sn  alloy  core  stabi¬ 
lised  with  ISnCl^"]': 

[pd2+Sn2+Ci;]n*  - »  k(Pd-Sn)[SnCl,];  + 

+  pjsnCIg]2"  +  q[snClJ2‘n 

At  a  ratio  of  Sn/Pd  < 3  in  the  solution, 
the  Pd-Sn  particle  obtained  is  insufficiently 
stabilized  and  agglomeration  appears: 

x( Pd-Sn)  [snClj]  *  - »  [(Pd-Sn)  [seel,-]  ^ 

The  colloid  nature  of  the  activating  sol¬ 
ution  was  proved  by  means  of  the  radiochemical 
method,  SEM,  light  scattering  and  ultracentri¬ 
fugation. 

The  authors  have  established  that  the 
colloidal  activation  of  graft  ABS,  polypropyl¬ 
ene,  polystyrene,  synthetic  tissue  (PETP)  etc. 
is  likewise  the  result  of  adsorption-diffusion 
processes.  These  processes  underlie  also  the 
activation  with  alkaline  electrolytes  on  the 
basis  of  complex  palladium  ions  with  organic 
ligands. 
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Introduction 

Polyimides (PI)  have  been  regarded  as  an  ex¬ 
cellent  insulating  material  in  wiring  systems  of 
■ounting  substrates  for  LSI,  because  of  its  low 
dielectric  constant  and  the  high  temperature 
stability.  It  is  very  important  to  study  in 
detail  the  interfacial  phenomena  of  the  PI  and 
the  wiring  metals  for  insuring  the  quality  of 
the  dev.  ;es . 

The  interaction  at  the  P I -Cop per  (Cu )  inter¬ 
face  has  been  reported  previously,  but  most  work 
was  on  the  interaction  of  fully  cured  PI  with  Cu 
deposited  on  it. 

The  purpose  of  this  study  is  to  investigate 
the  interaction  of  the  PI  with  Cu  in  the  curing 
process  of  the  precursor- so lut  ion .  The  charac¬ 
teristics  of  the  PI  films  cured  on  Cu  and  the 
dissolving  behavior  of  Cu  into  the  PI  have  been 
studied . 


Experiments  I 

The  precursor-solution  used  in  this  study  wa9 
prepared  by  dissolving  polyamic  acid(Fig.  l-a) 
into  DHAC-NNP  solvent.  A  15%  precursor-solu¬ 
tion  was  spin  coated  onto  Cu  vapor-deposited  on 
Si  wafers,  and  thermally  cured  at  100  — ^350 "C  for 
30min  in  N,  atmosphere.  (Polyamic  acid  can  be 
fully  imidized  at  350*C  for  30min  and  the  imi- 
dized  structure  i9  shown  in  Fig.l-b) 

The  PI  films  cured  at  each  temperature  were 
peeled  off  from  the  Si  wafers,  and  meassured  the 
thermal  decomposi t i on  temperature  and  mechanical 
properties  of  the  films. 

The  structual  change  of  the  PI  films  cured  on 
Cu  was  investigated  by  FT-IR  spectra,  and  the  Cu 
content  in  PI  was  meassured  by  atomic  absorption 
analysis  and  visible  spectrophotometer. 

Results  and  Discussion 

Table  l  shows  the  characteristics  of  Pl-films 
cured  at  350T!  for  30min  on  Cu  and  other 
aaterials(Al,  Cr,  SiO,).  The  PI  films  cured  on 
Cu  are  Inferior  to  other  films  in  thermal 


stability  (thermal  decomposition  temperature) 
and  mechanical  properties. 

Fig. 2  shows  the  results  of  FT-IR  analysis  of 
the  PI  films  cured  on  Cu  at  330  ~-35Q*C. 

A  remarkable  decrease  can  be  seen  in  the 
absorbed  signals  due  to  the  imide  bonds  with 
the  curing  temperature.  And  this  is  considered 
to  be  due  to  the  decomposition  of  the  imide 
bonds  at  such  a  lower  temperature. 

Fig. 3  is  Cu  content  in  the  PI  films  cured  on 
Cu  at  100~  350*C,  showing  that  a  considerable 
amount  of  Cu  is  contained  in  PI  at  a  fairly  low 
temperature.  And  as  shown  in  Fig. 4,  the 
dissolving  Cu  comes  into  precipitation  in  the 
form  of  Cus0  by  curing  above  300*C.  It  can  be 
considered  that  the  decrease  in  the  thermal 
decomposition  temperature  and  mechanical 
properties  are  related  to  the  Cu  dissolved  in  PI 
films. 

In  order  to  investigate  the  reason  of  the 
dissolution  of  Cu  in  the  .recursor-solution,  the 
solubility  of  Cu  to  DHAC,  NHi  and  the  precursor- 
solution  were  meassured. 

The  results  of  Fig. 5  indicates  that  the  dissolu¬ 
tion  of  Cu  into  the  precursor-solution  is  sig¬ 
nificantly  enhanced  by  the  polyamic  acid. 

Further  experiments  have  been  done  to  know 
which  functional  group  in  the  polyamic  acid 
caused  the  dissolution  of  Cu  by  employing  car¬ 
boxylic  acid  and  benzanilide-solution ,  carring 
only  carboxyl  and  amide  respectively.  As  shown 
in  Fig. 6,  it  became  clear  that  carboxyl  in  poly- 
amic  acid  is  the  main  reason  of  the  Cu  dissolu¬ 
tion  into  PI  films. 
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Fig.l  Molecular  slruclure  of  polyamic  acid  and  polyimide 
(a)Polyamic  acid  ( b) Polyimide  (PI ) 


Table  1  The  characterlslics  ol  Pl-lilms  cured  on  Cu 
and  other  materials 


Materials  ot 
basis  films 

Decomposition 

Temp.(*C) 

Tensile 

5trenglh(MPa) 

Elongation 

C/.) 

Cu 

380 

107.8 

8.0 

SiO* 

450 

132.3 

17  .0 

Cr 

4  50 

1313 

16  8 

At 

4  50 

132  3 

16  .7 

Fig. 2  FT-IR  spectra  of  Pi  films  cured  on  copper 
(a)  at  330*C  (b)  at  340*C  (c)al  350‘C 


Curing  Teinperalure  (*C) 

Fig.3  Cu  conlenf  in  polyimide  films  in  curing 
process 


Fig. 4  TEM  i*age  and  electron  diffraction  pattern  of 
precipitates  in  PI  film  cured  at  350'C 


Curing  Temperafure(°C) 

Fig. 5  The  solubility  of  copper  to  precursor 
solution  and  solvents 


Fig.6  Visible  speclra  of  benzanilide  and 
phlhalic  acid 
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during  a  spectroscopic  study  of  metal  coverage  dependence  or 
preparation.  The  sample  holder  should  contain  provisions  to 
mildly  heat  the  samples  for  further  in-vacuo  curing.  The  insulating 
nature  of  many  polymer  samples  dictate  that  very  thin  layers  be 
used  to  avoid  charging;  otherwise  sample  stabilization  might  be 
obtained  by  an  electron  flood-gun  with  the  disadvantage  of 
possible  sample  deterioration. 


The  local  chemical  bonding  of  metal  atoms  to  functional  polymer 
groups  provides  a  microscopic  basis  for  macroscopic  interfacial 
adhesion  in  metallized  plastics.  Applications  for  metallized  plastic 
interfaces  constrain  materials  properties  beyond  the  desired 
adhesion  characteristics.  For  example,  in  microelectronics  device 
technology,  insulation  of  a  metal  film  from  the  substrate  by  a 
polymer  layer  is  a  novel  direction  for  advanced  processing.  Shajp, 
homogeneous  interfaces  are  desired;  stability  must  be  maintained 
during  processing  and  throughout  operation;  and  the  dielectric 
properties  must  be  compatible  with  the  application. 

We  discuss  several  surface  spectroscopic  and  structural 
techniques  as  applied  to  metallized  plastics.  Spectroscopic 
measurements  of  metal-polymer  interfaces  can  provide  a  means  to 
determine  the  nature  of  local  bonding  interactions.  Surface  science 
techniques  have  undergone  significant  development  over  recent 
years.  Optical  techniques  are  being  used  more  extensively,  but 
particle  beams  (electrons,  ions,  and  atoms)  operating  in  vacuum 
are  the  most  widely-applied  probes.  The  relatively  short  mean  free 
paths  of  particle  beams  allow  surface  sensitivity  to  be  maximized. 
A  scientific  goal  is  to  extend  techniques  that  are  applied  to  the 
study  of  solid  surfaces  and  interfaces  to  such  problems. 
Equivalence  must  still  be  established  between  standard 
metallization  techniques  such  as  electrochemical  deposition  and  in- 
vacuo  processing.  Here,  we  briefly  introduce  electron 
spectroscopic  techniques  and  consider  their  application  to  study 
chemical  trends  in  the  metallization  of  a  thin  polyimide  film  by 
example. 

Consider  the  bonding  of  an  organic  adsorbate  on  a  clean,  well- 
characterized  metal  surface  and  relevant  electron  spectroscopic 
techniques  to  characterize  the  adsorption  process.  Core  and 
valence  electronic  structure  can  be  studied  with  x-ray  (XPS)  and 
ultraviolet  photoemission  (UPS)  spectroscopies,  respectively. 
Core  level  spectra  at  an  interface  can  provide  information  on  the 
elements  present,  their  concentrations,  and  the  bonding 
interactions  by  observing  energy  shifts  in  particular  levels  due  to 
electrostatic  or  chemical  effects.  Valence  photoelectron  spectra 
probe  states  which  may  be  involved  directly  in  chemical  bonding. 
However  their  interpretation  is  often  rather  complex  since  energy 
levels  related  to  substrate,  intra- adsorbate,  and  adsorbate-substrate 
bonds  proliferate  throughout  this  region.  Vibration  spectra 
obtained  with  Electron  Energy  Loss  Spectroscopy  (EELS)  give 
discrete  features  related  to  local  adsorbate  vibrational  modes, 
adsorbate- substrate  vibrations,  and  substrate  phonons.  For  an 
analysis  of  the  surface  bonding,  clean  surface  and  isolated 
molecular  bands  are  first  considered  as  well  as  possible  bands  of 
analog  gas  phase  complexes  which  might  exist  as  reacted  species. 
As  in  infrared  spectroscopy,  general  comparison  of  these  reference 
bands  with  experimental  data  for  the  adsorbed  species  indicates 
which  structural  features  of  the  molecule  which  are  retained.  A 
possible  interpretation  of  missing  bands  is  the  occurrence  of  bond 
scission  upon  adsorption.  Vibrational  bands  shifted  from  gas 
phase  values  can  be  related  to  the  bonding  interaction  and  are  the 
most  interesting.  Selection  rules  related  to  the  interaction 
mechanism  can  be  used  to  understand. 

Application  of  electron  spectroscopy  techniques  to  insulating 
organic  films  and  metallized  surfaces  present  numerous  difficulties 
but  also  are  producing  fascinating  results.  First,  electron 
spectroscopic  measurements  are  performed  in  high  vacuum 
environments.  Assuming  sample  stability  in-vacuo  and  realizing 
that  much  of  the  sample  preparation,  e.g.  spinning  on  a  substrate 
and  curing,  is  performed  outside  the  vacuum  system,  a  sample 
transfer  stage  is  required  to  introduce  samples  into  the 
spectroscopy  chamber.  Since  samples  are  irreversibly  altered  after 
metal  deposition,  several  samples  generally  need  to  be  transferred 


As  an  example,  experiments  have  been  performed  to  characterize 
clean  and  metallized  polyimide  surfaces  and  these  have  produced 
very  encouraging  results.  Hahn,  et  al.  compared  Nickel  and 
Chromium  films  on  polyimide  with  UPS  and  XPS  1 1J;  DiNardo, 
et  al.  [2]  used  EELS  to  compare  Palladium  and  Cr  bonding  on  the 
polyimide  surface.  These  studies  concluded  that  Ni  and  Pd  are 
weakly  bound  while  Cr  forms  a  strong  bond  in  the  vicinity  of  the 
carbonyl  group.  Information  concerning  adhesion  is  derived  from 
the  experimental  determination  of  spectroscopic  changes  between 
the  clean  and  metallized  surface.  In  addition,  theoretical 
calculations  of  metal-organic  bonding  can  be  compared  to 
experiment. 

UPS  [1]  indicates  the  formation  of  metal-metal  bonds  during 
film  growth  as  broad  metal  d-state  emission.  Polymer  valence 
emission  at  about  4  eV  bonding  energy  is  reduced  for  Cr  films 
suggesting  strong  reactivity  of  Cr  with  the  substrate.  However, 
due  to  the  overlap  of  many  valence  features  of  the  polymer  chains, 
the  bonding  location  is  not  readily  deduced.  XPS  spectra  of  the 
C(  1  s)  core  levels  1 1 )  which  can  be  identified  as  a  function  of  local 
environment  clearly  shows  that  the  carbonyl  site  is  most  affected 
by  reaction  with  a  metal  and  that  Cr  substantially  affects  this  site. 
EELS  vibrational  spectra  of  clean  polyimide  films  [3,4]  have  been 
analyzed  by  comparison  to  infrared  absorption  data,  and  discrete 
vibrational  bands  have  been  assigned.  Deposition  of  a  metal  film 
eventually  gives  a  spectroscopic  indication  of  the  formation  of  a 
conducting  layer  [2].  Most  significant,  however,  is  the 
observation  that  Cr  immediately  shifts  the  carbonyl  stretching 
vibration  to  lower  energy  (21.  This  result  indicates  retention  of  the 
carbon-oxygen  bond  at  low  coverage  and  charge  transfer  from  Cr 
to  antibonding  states  which  reduces  the  carbonyl  stretching 
frequency.  These  techniques  in  combination  have  provided  a 
rather  compete  spectroscopic  picture  of  the  microscopic  bonding 
interactions  of  a  metal  on  a  polymer  surface. 

Further  studies  relevant  to  adhesion  science  which  has  been 
obtained  using  both  surface  spectroscopic  and  structural 
techniques  will  be  reviewed,  including  applications  of  STM. 
infrared  spectroscopy,  RBS,  and  TEM.  Technical  issues  such  as 
interfacial  homogeneity,  the  use  of  surface  optical  techniques  and 
interface  microscopy,  and  obtaining  a  further  understanding  the 
sampling  depth  are  important  aspects  are  currently  being 
addressed.  Surface  science  techniques  will  continue  to  increase 
our  understanding  of  the  basic  chemical  mechanisms  for 
metallization  at  polymer  surfaces  as  the  techniques  and 
experimental  analyses  are  refined  for  application  to  such  complex 
interfaces. 
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Mossbauer  spectroscopy  can  be  utilized  to  study 
the  interface  between  a  metal  and  a  polymer  by  the 
use  of  emission  techniques.  The  active  isotope  is 
concentrated  at  the  surface  of  Che  metal,  the  polymer 
is  applied  and  the  gamma  ray  emission  spectrum  is 
determined.  Alternatively,  the  metal  may  be  formed 
on  the  polymer.  The  gamma  ray  emission  spectrum, 
since  it  originates  exclusively  from  the  metal/ 
polymer  interfacial  region,  generates  chemical  infor¬ 
mation  about  the  interfacial  region.  The  magnitude 
of  the  chemical  shift  gives  information  about  the 
valence  state  of  the  metal  atom  at  the  interface;  the 
chemical  shift  and  the  quadrupole  splitting  give 
information  about  the  nature  of  the  chemical  bond 
between  the  metal  and  the  polymer.  Differences  in 
the  spectra  obtained  at  room  temperature  and  at  liq¬ 
uid  nitrogen  temperature  allow  one  to  speculate  about 
the  nature  of  metal  species  that  diffuse  into  the 
polymer . 

Two  metals  are  convenient  for  studies  involving 
emission  Mossbauer  spectroscopy,  cobalt  and  tin. 
Work  to  be  reported  will  be  limited  to  cobalt. 
Information  will  be  presented  for  the  following  poly¬ 
meric  materials:  polybutadiene,  polyimide,  poly- 

(acrylic  acid),  polyacrylamide,  a  thermoplastic 
acrylic,  an  aliphatic  amine -hardened  epoxy,  a  vinyl 
ester  and  a  silicon-modified  alkyd.  Polymers  under¬ 
going  oxidative  cure,  such  as  polybutadiene  and  the 
alkyd,  caused  reduction  of  Co(III)  species  at  the 
interface.  Polymers  with  pendant  acid  functionali¬ 
ties,  such  as  poly(araic  acid)  and  poly(acrylic  acid), 
yielded  Co(II)  carboxylate  species  at  the  interface. 

Information  will  also  be  presented  on  the  nature 
of  chemical  changes  that  occur  as  a  function  of  time 
of  exposure  to  the  atmosphere  or  to  an  aqueous 
medium . 

Suggestions  will  be  made  concerning  the  applica¬ 
tion  of  the  technique  to  studies  of  metallized  poly¬ 
mers. 
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THE  METAL/POLYMER  INTERFACE  AS  STUDIED 
NONDESTRUCTIVE LY  --  AN  OVERVIEW 
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Interfacial  chemistry  existing  between  an  organic 
polymer  coating  and  a  metal  substrate  was  investigated 
using  internal  reflectance  Fourier  transform  infrared 
spectroscopy  (IR-FTIR)  and  emission  Mossbauer  spec¬ 
troscopy.  Special  sample  preparation  for  both  tech¬ 
niques  allowed  for  interfacial  probing  without  inter¬ 
face  disruption.  The  advantages  and  limitation  of 
each  technique  will  be  outlined. 

Two  coatings,  with  different  curing  mechanisms, 
were  investigated  through  IR-FTIR  for  their  interac¬ 
tion  with  several  metal  substrates.  The  degree  of 
interfacial  polymer  oxidation  of  polybutadiene  was 
dependent  on  the  substrate  metal.  Polyimide,  which  is 
the  cyclodehydratior  product  of  poly(araic  acid),  gave 
evidence  for  the  presence  of  ionized  acid  groups 
within  the  polymer  in  the  interphase  region  with  some 
metal  substrates. 

The  above  two  coatings,  along  with  poly(acrylic 
acid),  polyacrylamide,  a  thermoplastic  polyimide.  a 
thermoplastic  acrylic,  an  aliphatic  amine -hardened 
epoxy,  a  vinyl  ester  polymer,  and  a  silicone -modif ied 
alkyd  were  studied  on  cobalt  substrates  using  emission 
Mossbauer  spectroscopy.  Coatings  undergoing  oxidative 
cure,  such  as  polybutadiene  and  the  alkyd,  caused 
reduction  of  Co(III)  species  at  the  Interface.  Poly¬ 
mers  with  pendant  acid  functionalities,  such  as 
polyfamic  acid'  and  poly(acrylic  acid),  yielded  Co(II) 
carboxylate  species  at  the  interface. 
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A  STATIC  SIMS  STUDY  OP  METAL- POLY IM IDE 
INTERFACES 

W.J.  van  Ooij,*  R.H.G.  Brinkhuis*  and 
J.M.  Park**, 

‘Department  of  Chemistry  and  Geochemistry, 
Colorado  School  of  Mines,  Golden,  CO  80401 

*  * I BM ,  Endicott,  NY  13687 

The  interface  between  evaporated  films  of  cu 
or  other  metals  and  polyimides  have 
traditionally  been  studied  by  XPS  [1].  Such 
studies  have  demonstrated  an  attack  of  the 
carbonyl  oxygen  by  a  reactive  metal  such  as 
Cr,  A1  or  Ti,  and  a  lack  of  interaction  in 
the  case  of  copper.  Despite  such  studies, 
the  metal -poly imide  adhesion  is  still  not 
completely  understood. 

Wc  have  applied  static  SIMS  to  the  study 
of  the  interfaces  between  copper  or  chromium 
films  and  polyimide  (PI)  of  the  PMDA-ODA 
type.  In  recent  publications  we  have 
demonstrated  that  SIMS  is  a  very  powerful 
technique  for  the  characterization  of  polymer 
surfaces  and  of  surface  modifications  [2]. 

The  copper  films  were  of  50  thickness, 
the  chromium  films  were  applied  as  50  nm 
interlayers  between  copper  films  and 
polyimide  layers  spun-coated  and  cured  on 
silicon  wafers.  The  metal  films  were  peeled 
off  in  ambient  conditions  and  immediately 
analyzed.  The  Cu-PI  interface  was  also 
analyzed  following  heating  in  vacuum  for  2 
hours  at  300*C.  This  treatment  increased  the 
peel  strength  of  the  films  markedly. 

SIMS  analyses  were  carried  out  with 
quadrupole  instruments  employing  either  a  Ga+ 
primary  source  of  5  keV  and  0.5  nA  in  a  2x2 
mm2  area  or  a  4.5  keV  Xe+  source  of  7  nA/cm2 
current  density.  Ion  beam  damage  or 
sputtering  effects  can  be  excluded  under 
these  strictly  static  SIMS  conditions  [2). 
For  all  samples,  positive  and  negative  spetra 
were  recorded. 

Some  of  the  observations  and  conclusions 
from  these  analyses  are  the  following.  These 
results  are  summarized  in  Table  I,  in  which 
some  important  peak  intensity  ratios  are 
plotted. 

*  the  failure  is  in  an  organic  layer  for  both 
metals  but  the  film  remaining  on  the  metal 
side  is  very  thin; 

*  the  PI  side  of  the  Cu-PI  interface  is  more 
PI-1  ike  than  the  PI  side  of  the  Cr-PI 
in  ter  fact: ; 

*  the  PI  sides  of  both  interfaces  form  higher 
yields  of  aromatic  fragments  (e.g.  50+51, 
Table  I)  than  the  PI  control; 

*  the  organic  material  remaining  on  the  metal 
sides  of  both  samples  is  different  from  the 
original  PI:  it  forms  a  higher  yield  of  CNO' 
ions,  is  less  aromatic  and  less  unsaturated; 

*  the  metal  sides  of  the  two  samples  seem  to 
contain  metal  complexes  which  are  different 
for  the  two  metals; 

*  the  yields  of  CNO"  and  CN“  ions  from  the 
Cr-PI  interface  are  higher  than  from  the 
Cu-PI  interface,  suggesting  cleavage  of  the 
C-C  bond  between  a  CNO  group  and  an  aromatic 
ring; 


*  after  annealing  the  Cu-PI  interface  spectra 
have  become  identical  to  those  of  the  Cr-PI 
interface; 

*  the  Pi-sides  of  the  interface  with  both 
metals  contain  some  Cu  or  Cr;  during 
annealing  more  copper  diffuses  into  the 
polymer. 

These  qualitative  results  suggest  a 
chemical  modification  of  the  PI  by  the 
metals.  Cr  is  more  reactive  than  Cu  which 
requires  a  post-deposition  heating  step  for 
the  same  modification.  This  modification 
seems  to  be  directly  related  to  the  adhesion 
of  the  metal  films.  The  metal  seems  to  react 
with  the  imide  functionality  and  rupture  of 
the  planar  imide  structure  could  result  in 
the  formation  of  more  mobile  polar  groups 
which  then  form  complexes  with  the  metal. 
These  remain  on  the  metal  side  of  the 
interface.  The  spectra  of  that  side, 
especially  in  the  case  of  chromium,  are 
consistent  with  a  complex  of  the  type: 

-0-Cr-0CN-C6H4-0-C6H4- 

More  detailed  studies,  e.g.  with  model 
systems,  are  in  progress. 

1.  H.  Lefakis  and  P.s.  Ho,  Bull.  Am.  Phys. 

Soc. ,  32,  731  (1987) . 

2.  W.J. van  Ooij  and  R.H.G.  Brinkhuis,  Surf. 

Interface  Anal.,  in  press. 
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SIMS  intensity 

ratios  in 

PI,  CU- 
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Cr-PI 

ratio: 

CN" 

CNO 

”  _o- 

CNO~ 

50+_5_l 

21 

CH" 

CH" 

CH" 

CN" 

55 

29 

PI 

6.0 

0.9 

2.5 

0.16 

1.2 

1.15 

PI  (Cu) 

5.1 

0.8 

2.8 

0. 16 

2.1 

1.38 

PI  (Cr) 

14.5 

3.2 

2.8 

0.22 

2.8 

1.71 

PI* (Cu) 

13.6 

3.1 

2.8 

0.23 

2.7 

1.69 

CU 

6.0 

2.4 

2.0 

0.40 

0.3 

0.74 

Cr 

10.8 

4.9 

2.4 

0.45 

0.5 

0.94 

Cu* 

10.4 

4.8 

2.5 

0.41 

0.5 

0.91 

'annealed  2hrs 

at 

3  6  cr  c 
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ELECTRON  INDUCED  VIBRATIONAL  SPECTROSCOPY  STUDY  OF 
THE  INCIPIENT  INTERFACE  FORMATION  BETWEEN  EVAPORATED 
ALUMINUM  LAYER  AND  POLYMER  FILMS 

J.J.  Pireaux.  N.  Degosserie,  Y.  Novis,  M.  ChtaTb 
and  R.  Caudano 

Facultes  Universitaires  Notre-Dame  de  la  Paix, 
Laboratoire  Interdisciplinaire  de  Spectroscopie 
Elec tronique ,  Rue  de  Bruxelles  61,  B-5000  NAMUR 
(Belgium) 

Should  a  scientist  work  on  the  increase  of  adhesion 
properties  between  metal  and  polymer  films,  then 
should  he  be  highly  interested  in  the  understanding 
of  the  fundamental  processes  bonding  the  two  layers. 
These  mechanisms  are  known,  for  example  as  an  elec¬ 
trostatic  interaction,  or  a  true  chemical  bonding 
between  the  layers  ;  thus  they  involve  a  (partial) 
charge  transfer  between  the  metal  and  one  (or  more) 
polymer  atom(s) .  Amongst  the  experimental  techniques 
used  to  characterize  the  interface  formation  during 
the  polymer  metallization.  X-ray  induced  photoelec¬ 
tron  spectroscopy  (XPS  or  ESCA)  has  certainly  con¬ 
tributed  to  the  major  achievements  in  this  field  ; 
e.g.  if  the  polymer  contains  oxygen  atoms,  the 
metallic  atoms  do  generally  interact  with  the 
substrate  oxygen  to  form  metal-oxygen-polymer 
complexes  (1).  However,  the  analysis  of  the  binding 
energy  shifts  of  the  XPS  peaks,  especially  of  the 
"hydrocarbon  type"  Cls  one  around  285  eV,  is  in 
some  case  not  straightforward  ;  hydrogen  cannot  be 
detected  ;  the  exact  geometrical  configuration  of 
the  metal-polymer  entity  cannot  be  deduced. 

Ooticai  (Infrared  or  Raman)  spectroscopies  should 
be  capable  of  answering  these  questions  ;  however, 
they  need  very  special  improvements  to  be  sensitive 
enough  to  probe  an  interface  that  is  a  few  tens  of 
angstrom  thin.  Recently,  the  adaptation  of  another 
'rir.nz*-icnal  technique f  namely  High  Resolution 
Electron  Energy  Loss  Spectroscopy  (or  HREELS),  has 
been  extremely  successful  in  characterizing 
polyimide  /  evaporated  chromium,  palladium  (2) 
and  aluminum  (3)  interfaces. 

HREELS  is  a  UHV  spectroscopy  using  as  a  probe  a 
low  energy  electron  beam  (0  to  10  oV  impact  energy) 
that  is  highly  monorhromatized  (usual  resolution 
on  a  polymer  sample  =  10  meV  or  80  cm“l),  The  beam 
baokscattered  from  the  sample  surface  is  analyzed 
in  energy,  and  presents  an  ensemble  of  loss  peaks, 
attributed  to  the  electron  excitation  of  vibrational 
modes  of  chemical  groups  at  the  extreme  polymer 
surface.  The  study  of  the  incipient  interface  for¬ 
mation  between  aluminum  and  polyimide  at  room 
temperature  is  particularly  rich  in  information  : 
when  the  metal  is  evaporated  at  very  low  rate 
(about  1  A/min)  from  a  Knud sen  effusion  cell,  its 
equivalent  coverage  on  the  polymer  surface  ran  be 
precisely  measured,  and  different  successive 
"chemical  reactions"  are  distinguished  :  first,  the 
A1  atoms  do  react  with  half  of  the  C=0  carboxyl  in 
the  polymer,  to  form  a  C-O-metal  complex  ;  then, 
other  A1  atoms  do  diffuse  into  the  polymer,  breaking 
bonds,  leaving  new  CH  and  OH  species  on  the  surface; 
finally,  the  formation  of  a  metal  oxide  (or  carbide) 
developped  on  the  surface.  During  the  formation  of 
the  polymer-metal  complex  at  the  very  interface,  a 
very  large  electronic  delocalization  is  evidenced, 
with  a  concomitant  modification  of  the  geometry  of 
the  polymer  monomeric  unit,  after  bonding  with  the 
aluminum  atoms  (3). 


Polyimide  is  a  very  important  technological  mate¬ 
rial  ;  it  presents  a  particularly  complex  monome¬ 
ric  unit,  with  many  different  chemical  groups. 

In  order  to  unravel  the  relative  reactivities  of 
specific  chemical  functions,  it  was  mandatory  to 
study  the  aluminization  of  simpler  polymers. 

Poly(acrylic  acid)  or  PAA  contains  both  C=0  and 
C-OH  funct ional i ties .  The  HREELS  spectrum  of  a  clean 
PAA  film  reveals  however  the  OH  groups  are  not  avai¬ 
lable,  as  they  are  all  involved  in  hydrogen  bondings 
between  different  polymeric  chains.  Therefore, 
evaporated  aluminum  atoms  are  first  seen  to  react 
close  to  the  carboxyl  unit,  whose  vibrational  inten¬ 
sity  around  i  700  cm” I  rapidly  and  completely  dis¬ 
appears  ;  surprisingly  no  band  characteri stic  of 
either  a  meta 1-O-polymer  complex  or  aluminum 
oxide  is  detected.  At  larger  A1  coverages,  a  highly 
structured  and  broad  band  appears  around  800  cm- ' , 
where  the  Al-0  or  Al-C  stretches  should  be  seen. 

Polv(vinvl  alcohol)  or  PVOH  presents  on  its  surface 
-OH  groups  to  the  evaporated  A1  atoms.  Indeed,  the 
i’ (OH)  band  intensity  completely  disappears  as  soon 
as  A1  atoms  are  deposited  ;  at  the  same  time,  the 
v  (C-H)  band  intensity  increases,  and  a  new  structure 
appears  around  600  cm--.  After  further  A1  evapora¬ 
tions,  a  broad  feature  developped  between  600  and 
800  cm” * . 

Polystyrene  is  another  interesting  polymer  as  it 
does  not  contain  any  heteroatom,  but  saturated  and 
unsaturated  bonds.  The  aluminization  of  PS  is  not 
detected  by  any  HREELS  feature  -  except  a  broadening 
of  the  elastic  peak  -  before  about  ten  A  layer  has 
been  deposited  ;  then,  the  aromatic  CH  stretch  hands 
decreases,  with  the  growing  up  of  a  broad  band  around 
800  nr.' 1 .  This  last  feature  is  still  growing  after 
subsequent  A1  evaporation. 

Those  observations  will  he  commented  in  more  detail 
and  a  model  explaining  the  interaction  of  aluminum 
atoms  with  the  different  chemical  funct ional ities 
will  be  proposed. 
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Interface  properties  between  evaporated 
metal  and  polyester  films  are  important 
technological  issues  in  various  fields.  Polymer 
supported  magnetic  media,  metallized  plastics 
for  flexible  food  packaging  or  capacitors  are 
often  faced  with  the  need  for  adhesion  improvement 
between  the  deposited  layer  and  its  substrate. 

The  presence  of  polar  functionnalities  at  the 
polymer  surface  and  its  structure  (  crystallinity, 
cross-linking,...)  are  known  to  be  key  parameters 
which  ran  affect  drastically  the  metal  adhesion 
to  polymer. (see  e.g.  ref.  I  &  2.) 

Poly  (ethylene  terephthalate)  -  PET  -  MylarR 
films  have  been  superficially  modified  in 
different  wavs  in  order  to  change  their  surface 
structure  and  chemical  composition. 

Creation  and/or  modification  of  surface 
functionalities  have  been  analysed  by  X-ray 
Photoelectron  Spectroscopy  (XPS)  from  the 
shape  ,  area  and  binding  energies  of  C  Is, 

0  Is  and  N  Is  core  level  spectra  of  PET  before 
and  after  various  treatment  like  Corona, 
low  pressure  plasma, U.V,  laser  and  U.V.  lamp 
irradiation  in  various  atmospheres  (  O2  ,  N2  , 
air,  NH3.) 

These  analysis  have  been  correlated  with 
the  evolution  of  the  adhesion  strength  in  peel 
test . 

Corona  treatment  in  air  ,  N2  and  NH3  produces 
a  strong  increase  in  adhesion  that  can  be 
attributed  to  both  crosslinking  of  the  surface 
and  introduction  of  polar  (  CEN  ,  C=0  ,  C-0...) 
functionalities.  Presence  of  O2  in  the  discharge 
tends  to  be  a  negative  factor  for  adhesion 
improvement.  This  is  probably  due  to  the  appea- 
renre  of  some  chain  scission  effect  with  O2* 
while  N2  and  NH3  produce  crosslinking  (ref  3.) 

This  is  indirectly  confirmed  by  XPS  data  on 
these  samples  after  thermal  annealing  in  vacuo. 

The  high  temperature  stability  (  up  to  200  °C) 
of  Nitrogen  functionalities  compared  to 
oxygenated  groups  (  around  120  °C  )  can  be 
interpreted  as  a  sign  of  a  network  created  by 
Nitrogen  atoms,  preventing  surface  reorgani¬ 
zation  far  above  the  glass  transition  tempe¬ 
rature  of  the  polymer  ,  while  Oxygen  produces 
low  molecular  weight  fragments  via  chain 
sc i ss ion . 

Low  pressure  plasma,  U.V.  lamp  and  U.V. 
laser  treatment  have  been  studied  in  a  similar 
way.  They  all  produce  new  chemical  functions 
at  the  polymer  surface.  However,  the  super¬ 
ficial  structure  created  in  the  polymer 


differs  strongly  from  one  treatment  to  another, 
giving  dramatic  changes  in  metal  adherabi li ty . 

An  empirical  conclusion  is  that  ,if  incorporation 
of  polar  function  can  be  of  interest  for  improving 
adhesion  of  Aluminum  to  PET,  this  is  surpassed 
-  by  far  -  by  the  effect  of  the  structural 
changes  (photolytic  chain  scission,  crosslinking, 
amorphisat ion . . . )  in  the  polymer  surface. 

High  Resolution  Electron  Energy  Loss  Spectros¬ 
copy  (  HREELS  )  has  recently  been  implemented 
(ref  4)  to  elucidate  interaction  mechanisms 
between  evaporated  metal  and  PET. 

Preliminary  results  with  this  vibrationnal 
spectroscopy  will  be  presented.  It  shows  that, 
on  the  unmodified  PET  samples,  Aluminum  reacts 
preferentially  with  Carboxyl  groups  in  the 
submonolayer  coverage  regime  when  evaporated  by 
a  Ultra  High  Vacuum  Knudsen  cell.  Further  studies 
are  planned  in  order  to  approach  the  interface 
formation  in  the  case  of  modified  polymer 
surfaces . 
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The  ultimate  appearance  and  performance  of 
metallized  polymers  is  greatly  affected  by  the 
thickness  and  chemistry  of  the  particular  thin  film. 
Even  subtle  changes  in  deposition  conditions  can 
greatly  affect  this  chemistry.  Three  obvious 
features  of  these  films  include  the  nature  of  the 
outer  5  to  10  Angstroms,  the  nature  of  the  bulk  or 
major  film  itself,  and  especially  the  chemistry  of 
the  interface.  Although  the  chemistry  of  these  three 
layers  can  be  controlled  to  some  extent  by 
processing,  it  is  nearly  impossible  to  prevent  some 
aspects  which  are  inherent  in  this  chemistry  and 
processing. 

One  of  these  is  the  occurrence  of  at  least  some 
diffusion  of  metal  and  polymer  at  the  interface. 
This  not  only  depends  on  the  original  chemistry  of 
the  polymer  surface,  but  also  on  the  specific 
conditions  used  to  prepare  the  polymer  for  deposition 
and  the  initial  deposition  conditions.  Another 
natural  occurring  problems  is  that  of  oxidation  of 
the  metal  at  the  outer  surface  and  its  subsequent 
contamination  by  foreign  materials. 

A  third  and  very  difficult  problem  involves  the 
level  of  contaminants  incorporated  into  the  bulk  of 
the  thin  metal.  For  active  metals  such  as  Al  and  Ti 
this  can  be  very  extensive  oxidation  which  is  very 
dependent  on  the  rate  of  deposition  and  the  nature  of 
the  vacuum  in  sputter  or  vapor  deposition  systems. 
In  electrochemical  depositions,  it  can  be  very 
dependent  on  the  specific  conditions  and  the  amount 
of  water,  -OH,  and  trace  components  incorporated 
during  depositions. 

We  have  utilized  the  three  extremely  sensitive 
techniques  of  XPS  (X-ray  Photoelectron  Spectroscopy 


or  ESCA),  ISS  (Ion  Scattering  Spectroscopy),  and  SIMS 
(Secondary  Ion  Mass  Spectroscopy),  to  investigate  the 
detailed  chemistry  of  several  systems  including  Al, 
Ti,  and  Cu  films.  ISS  has  been  extremely  useful  in 
monitoring  the  detailed  changes  ocurring  in  the  outer 
few  Angstroms  of  the  surface  as  well  as  at  the 
interface,  and  ESCA  or  XPS  has  been  key  at  monitoring 
actual  changes  in  bonding  chemistry  of  individual 
elements,  especially  C  and  0  throughout  the  thin 
film.  SIMS  has  been  unique  in  monitoring  the  nature 
of  trace  contaminants  and  their  changes  throughout  the 
entire  films  as  well  as  providing  unusual  information 
concerning  variations  indicative  of  changes  in  Che 
nature  of  bonding  within  the  bulk  metal  film  itself. 

Most  of  the  work  presented  was  accomplished 
using  sputter-coated  metals  on  either  polyethylene  or 
polypropylene  webs  10  to  20  incheds  in  width.  The 
majority  of  this  work  involved  deposition  of  Al,  Ti, 
or  Cu  metals.  The  analysis  was  conducted  using  a 
KRATOS  X-SAM  800  combined  Scanning  Auger  Microprobe 
(SAM)  /  ESCA  (XPS)  system.  Concentration  depth 
profiles  of  the  various  elements  detected  were 
obtained  by  slowly  sputtering  the  surface  using  a  low 
energy  of  Ar  ions  across  an  area  about  20  square  mm. 
The  distribution  of  oxygen  and  carbon  in  different 
forms  was  also  monitored  quantitatively  using 
software  deconvolution  of  these  peaks  obtained  using 
high  energy  scanning  to  acquire  the  data.  The 
distribution  of  oxygen  at  the  interface  was  of 
primary  interest.  SIMS  data  were  obtained  using  a 
KRATOS  Model  535  BX  combined  ISS  /  SIMS  instrument. 
Trace  levels  of  Na,  K,  Cl,  and  other  inpurities  were 
monitored  by  SIMS. 

Although  most  systems  were  found  to  be 
susceptible  to  heating,  which  broadened  the 
interface,  very  thin  films  of  Al  were  found  to  be  the 
most  severely  affected.  This  was  evident  by 
extensive  incorporation  of  oxygen  into  the  entl.c 
thickness  of  the  film.  Cu  was  least  affected, 
however,  it  exhibited  the  greatest  complexity  as  far 
as  contaminants. 

Illustrations  obtained  from  these  three 
analytical  techniques  will  be  presented  and  will 
include  profiles  showing  the  variation  of  Oxygen  from 
the  surface  to  the  interface,  the  effects  of  heating 
and  other  processing  variations  on  the  nature  of  the 
interfacial  boundary,  and  where  various  trace 
contaminants  tend  to  segrate  due  to  processing. 
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The  Application  of  Rutherford  Backscatter ing 
to  the  Characterization  of 
Metallized  Plastics 

Michael  D.  Strathman 
Charles  Evans  &  Associates 
301  Chesapeake  Dr. 

Redwood  City,  CA  94063 

Rutherford  Backscattering  Spectrometry  (RBS) 
is  one  of  several  MeV-Ion  techniques 
currently  being  used  for  the 
characterization  of  thin  film  systems.  This 
paper  will  discuss  the  application  of  this 
rapid  analytical  technique  to  the  analysis 
of  thin  metal  film  systems  which  have  been 
deposited  on  plastic  substrates.  Several 
important  techniques  which  can  be  used  to 
minimize  ion  beam  modification  of  the 
materials  system  during  the  analytical 
procedure  will  also  be  presented.  Some  of 
the  systems  which  will  be  examined  include 
quantitative  determination  of  the 
stoichiometry  of  optical  films, 

investigation  of  adhesion  problems  of 
metallic  thin  films  on  plastic,  and  the 
determination  of  the  hydrogen  content  of 
these  metallic  layers. 
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METAL  INTERLAYERS  IN  POLYMER  FILMS: 

A  SURVEY  OF  DEPOSITION  PROCESSES,  MORPHOLOGY, 
ELECTRICAL  PROPERTIES,  AND  PATTERNING  METHODS 


S.  Mazur,  L.  E.  Manring,  M.  Levy, 
G.  T.  Dee,  and  S.  Reich 


Central  Research  and  Development  Department 
E.  I.  du  Pont  de  Nemours  &  Company,  Inc. 
Experimental  Station 
Wilmington,  Delaware  19898 


Metal  interlayer  deposition  comprises  a  family 
of  processes(l-3)  for  growing  a  thin,  electrically 
conductive  metal  film  within  the  bulk  of  a  preformed 
polymer  film.  The  metal  is  formed  by  in  situ  re¬ 
duction  of  a  metal  salt  which  is  allowed  to  diffuse 
into  the  polymer  film  from  one  surface  while  the 
reducing  a^ent  simultaneously  diffuses  from  the 
opposing  surface. 

Three  different  variants  of  this  process  have 
been  explored.  In  an  electroless  version(l),  the 
polymer  film  is  employed  as  a  free-standing  membrane 
separating  two  reagent  solutions.  The  electrochemi¬ 
cal  versions  employ  a  film  supported  on  the  surface 
of  an  inert  cathode  immersed  in  an  electrolyte  solu¬ 
tion  containing  the  metal  ions.  Electrons  from  the 
cathode  are  transported  to  the  reaction  zone  either 
by  redox-exchange  reactions  of  the  polymer  itself 
(polymer  mediated  elec trodeposi t ion(2) ) ,  or  else  by 
means  of  an  independent  organic  redox  reagent  dis¬ 
solved  in  the  electrolyte  (electron  carrier  mediated 
elec t rodeposi t ion(3) ) .  In  all  cases,  it  is  necces- 
sary  that  the  polymer  be  swollen  by  the  solution  in 
order  that  a  significant  flux  of  reagents  is 
maintained . 

Depositions  have  been  carried  out  in  both 
amorphous  and  semicrystalline  polymers  including 
"ll'.'lose,  aromatic  polyimides,  PVC,  PVF  and  PVF; . 
Metals  have  included  Ag,  Au,  Cu,  Hg,  and  Pb.  In  all 
cases  the  metal  precipitates  in  the  form  of  micro¬ 
particles  with  diameters  generally  less  than  100  nm 
(often  in  the  range  of  15  nm).  The  local  volume 
fraction  of  metal  achieveable  can  vary  considerably 
with  the  process  conditions,  and  can  be  as  high  as 
0.72.  The  locat ion(l-3)  and  distribution^) 
of  particles  within  the  interlayer  is  governed  by 
the  reagent  transport  parameters,  reaction  rate 
constants,  and  experimentally  regulated  parameters 
(film  thickness,  concentrations,  and  applied  poten¬ 
tial).  A  theoretical  model  was  developed(A)  which 
successfully  accounts  for  virtually  all  morphologi¬ 
cal  detail  on  length  scales  greater  than  100  nm. 

Electrical  properties  were  studied  for  Au  and 
Ag  interlayers  in  the  polyimide  derived  from  pyro- 
mellitic  dianhydride  (PMDA)  and  4 ,4' -oxydianiline 
(ODA).  The  as-deposited  interlayers  have  bulk 
conductivities  approximately  500  times  lower  than 
that  of  the  equivalent  bulk  metal.  However,  it  was 
discovered( 5)  that  annealing  at  temperatures  between 
200  and  350  °C  results  in  a  dramatic  increase  in 
conductivity  (close  to  bulk  metal)  without  detect¬ 
able  decomposition  of  the  polymer.  The  evidence 
indicates  that  this  behavior  results  from  a  partial 
sintering  of  the  microparticles. 


Patterned  and  contoured  interlayers  may  be 
created  by  a  number  of  different  strategies.  Pat- 
ternwise  regulation  of  reagent  concentrations  at  the 
film  surfaces  can  be  achieved  using  patterned 
cathodes(2 ,4)  or  photo-conductive  cathodes(6). 

These  approaches  result  in  systematic  curvature  at 
the  edges  of  the  metallized  pattern.  Alternatively, 
the  bulk  permeability  of  the  film  itself  can  be 
controlled(7)  to  create  two-dimensional  patterns, 
for  example,  by  the  use  of  a  photopolymer ized  net¬ 
work.  This  approach  avoids  curvature  and  is  capable 
of  creating  high  aspect  ratio  conductive  traces  10 
microns  in  width  (ca.  2  microns  thick  in  25  micron 
thick  film). 
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Aromatic  condensation  polyimides  are  useful  for 
aerospace,  electronic  and  specialty  consumer  markets 
because  of  their  excellent  chemical  and  thermal 
stability  and  favorable  mechanical  properties  [1], 
Although  in  some  applications  the  extremely  high 
electrical  resistivity  is  a  beneficial  attribute 
('lxlO13  ohm  cm  at  OX  R.  H.  and  25*>C),  in  other 
applications  this  high  resistivity  is  a  detriment 
because  it  allows  substantial  levels  of  static  charge 
to  accumulate.  And,  of  course,  there  is  great  utility 
in  rendering  selective  portions  of  insulative 
materials  conductive  or  semiconducti ve  as  is  done  in 
the  fabrication  of  circuit  boards  and  electronic 
devices. 

In  an  effort  to  reduce  the  surface  electrical 
resistivity  of  polyimides  while  maintaining  the  other 
useful  engineering  properties,  polyimides  have  been 
modified  with  a  variety  of  metal  salts  and  metal 
complexes.  During  thermal  imidizatlon  of  the 
poly(am1de  acid)  the  dopant  migrates  to  the  surface  of 
the  film  and  is  converted  to  either  metal  or  metal 
oxide.  This  methodology  has  been  shown,  in  previous 
work,  to  be  capable  of  producing  oxides  of  cobalt, 
copper  and  lithium  and,  palladium,  silver,  copper  and 
gold  metal  surface  layers,  for  example. 

Recently,  the  physical  structure  and  electrical 
properties  of  the  surface  region  of  these  films  were 
modeled  £2].  This  model  allows  one  to  predict  the 
surface  conductivity  that  will  be  attained  for  a  given 
type,  thickness  and  position  of  a  conductive  layer. 

It  had  been  shown  that  the  process  thermal  conditions 
required  to  convert  the  poly{ amide  acid)  to  the 
polyimide,  In  conjunction  with  controlled  cure 
atmospheres,  result  in  a  wide  range  of  surface 
electrical  properties  for  a  particular  dopant  in  a 
given  film.  For  example,  the  surface  resistivity  of 
polyimide  films  modified  with  cobalt  chloride  was 
varied  over  three  orders  of  magnitude  simply  by 
altering  the  cure  atmosphere.  It  was  considered 
likely  that  other  process  variables  may  similarly 
influence  the  final  properties  of  the  films.  An 
experimental  strategy  that  allows  economical  screening 
of  a  variety  of  variables  was  adopted  and  implemented. 

Polyimide  films  were  obtained  by  reacting 
equimolar  amounts  of  l,3-b1s(3-am1nophenoxy)benzene 
(APB,  National  Starch  and  Chemical  Co.,  Bridgewater, 
NJ)  with  3,4,3' ,4'- 

benzophenonetetracarboxyl icdianhydride  (BTDA,  Allco 
Chemical  Corp.,  Dallas,  TX)  In  N,N-dimethyl acetamide 
(DMAc,  HPLC  Grade,  Aldrich  Chemical  Co.  Milwaukee, 

WI).  Solutions  were  prepared  at  15-20  wt%  solids 
concentration  at  room  temperature  under  a  dynamic 
nitrogen  atmosphere.  The  solutions  were  modified  with 
b1s(tr1f1uoroacetylacetonato)copper(II) ,  Cu(TFA)2  and, 
after  the  solution  was  homogenous,  were  cast  on  soda- 
lime  glass  plates  or  onto  fully  cured  polyimide  films 
with  a  doctor  blade  to  a  thickness  of  0.019".  The 
films  were  subsequently  cured  to  80°,  100°,  200°  and 
300°C.  The  actual  process  variables  used  to  produce 
films  are  listed  below. 


VARIABLE 
Dopant  Leve1 
Curing  Atmosphere 
Casting  Substrate 
Time  at  80°C 
Max.  Cure  Temp. 

Time  at  Tmax 


LOW  VALUE 
6  mole  X 
Dry  Air 
Polyimide 
20  min. 
200°  C 
20  min 


HIGH  VALUE 
20  mole  X 
Moist  Air 
Glass 
120  min. 
300°C 
120  min. 


The  fractional  factorial  strategy  employed  allows 
the  effect  of  each  of  the  variables  to  be  assessed 
within  12  experimental  runs.  The  variable  settings 
for  each  run  were  determined  using  a  12-run  Plackett- 
Burman  design.  The  techniques  used  to  characterize 
these  films  have  been  described  elsewhere  L2j. 


In  general,  good  quality  films  were  produced 
regardless  of  the  combination  of  process  conditions 
employed.  There  were,  however,  vast  differences  in 
the  amount  of  material  that  was  deposited  on  the  air- 
side  of  the  film.  Within  the  sampling  depth  of  X-ray 
photoelectron  spectroscopy  from  1.0  to  29.0  atomic 
percent  copper  was  detected.  The  higher  levels  of 
copper  were  attained  when  the  higher  conversion 
temperature  and/or  the  higher  uopant  level  were  used. 
The  surface  atomic  composition  of  the  films, 
determined  by  XPS,  indicates  the  presence  of  fluorine, 
which  is  a  measure  of  the  amount  of  copper  that  is  not 
present  as  either  copper  metal  or  copper  oxide.  The 
most  fluorine  was  retained  when  the  dopant  level  was 
high,  the  time  at  T  was  short,  the  8-stage  was  long 
(i.e.  time  at  80°C),  and  the  film  was  cured  in  dry 
air. 


The  fluorine  that  is  present  on  the  surface  of 
the  films  appears  in  two  chemical  states.  One  form  is 
copper  fluoride  while  the  other  is  residual  dopant, 
Cu(TFA)2.  The  films  are  being  evaluated  by  other 
techniques  to  more  completely  characterize  this 
polymer /dopant  system.  Details  pertaining  to  the 
evaluation  and  understanding  of  these  materials  will 
be  presented. 
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Thin  film  stress  can  play  an  important  part  in 
the  fabrication  of  thin  metal  films  on  plastic 
substrates,  and  can  cause  unwanted  deformations  and 
failure.  The  stress  parameter  has  been  shown  to  be 
adjustable  by  varying  the  deposition  parameters 
during  thermal  evaporation  or  sputtering.  For 
example,  ion  assisted  reactive  evaporation  is  a 
deposition  technique  which  has  been  shown  to  be 
useful  in  controlling  stress,  in  addition  to  other 
thin  film  parameters.  The  successful  application  of 
these  techniques  requires  that  the  stress  be 
monitored,  in  situ,  during  a  coating  run,  or,  by 
means  of  a  piggy-backed  stress  monitor  disk  whose 
curvature  is  measured  after  the  coating  run. 

Several  stress  measurement  techniques  will  be 
described,  including: 

1.  X-ray  diffraction 

2.  Raman  shift 

3.  Resonance  membrane 

4.  Cantilever  beam 

5.  laser  scanning 

6.  Geometrical  optical 

7.  Moire  fringes 

8.  Optical  interference 

Thin  film  stress  is  caused  by  lattice  strain 
cau>eu  by  t n*»  manner  "  which  -cr.denses ,  <*nd 

by  differential  thermal  contraction  of  the  film  and 
substrate  during  cooling.  These  stress  contributions 
are  known  as  the  intrinsic  and  thermal  parts. 

The  x-ray  diffraction  and  Raman  techniques  are 
used  to  determine  the  lattice,  strain,  directly.  The 
other  techniques  measure  the  bending  of  a  disk  or 
rectangular  beam  by  optical  methods. 

Some  data  will  be  presented  on  thin  film  stress 
versus  deposition  parameters  in  order  to  illustrate 
how  one  can  control  thin  film  stress  by  adjusting 
those  parameters. 

*Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  Lawrence  Livermore  National 
laboratory  under  contract  #W-7405-Eng-48. 
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DEPENDENCE  OP  STRESS  ON  DEPOSITION  CONDITIONS  FOR 
SPUTTERED  COPPER  FILMS  ON  FLEXIBLE  POLYIMIDE 
SUBSTRATES 

A.  Entenberg,  V.  Lindberg,  L.  Fendrock,  Sang-ki 
Hong;  Department  of  Physics  and  Center  for  Materials 
Science  and  Engineering,  Rochester  Institute  of 
Technology,  Rochester,  New  York,  14623; 

R.  S.  Horwath  Systems  Technology  Division,  IBM 
Corporation,  Endicott,  New  York  13760. 

We  have  investigated  the  dependence  of  internal 
stress  on  argon  pressure^-  and  deposition  rate  for 
0.25  um  copper  films  sputtered  onto  a  1 —mi  1  (25 

pm)  -  thick  polyintide  substrate,  A  dc  planar 
magnetron  was  used  to  deposit  the  copper  onto  a 
flexible  substrate  (Kapton)  which  was  held  flat 
by  top  and  bottom  edges.  We  observed  two  types 
of  stress:  tension,  in  which  the  film  is  trying 

to  contract  on  the  substrate  and  compression,  in 
which  the  film  is  trying  to  expand  on  the  substrate. 
The  stress  is  primarily  of  an  "intrinsic"  nature, 
relating  to  the  interfacial  mismatch  between  the 
natural  atomic  structures  of  the  growing  film  and 
the  substrate  surface.  Using  a  formula  due  to 
Stoney,  stress  was  estimated  directly  from  the 
resulting  radius  of  curvature  of  the  relaxed  film 
and  substrate.  At  a  fixed  deposition  rate  of  2.0 
A/s,  there  is  a  stress  transition  from  compression 
to  tension  at  a  pressure  of  about  2.5  mTorr.  At 
a  fixed  pressure  of  5.0  mTorr,  there  is  a  stress 
transition  from  tension  to  compression  at  a 
deposition  rate  of  about  4.8  A/s.  Scanning  electron 
micrographs  (SEW)  show  columnar  grains  with  a  void 
network  for  films  under  tension  and  smooth,  tightly 
packed  surfaces  for  films  under  compression.  The 
origin  of  the  tensile  morphology  is  a  "shadowing" 
mechanism  operative  at  higher  argon  pressures; 
at  lower  pressures,  an  "atomic  peening"  mechanism 
is  responsible  for  the  compressive  morphology. ^ 
The  morphology  data  are  consistent  with  the 
Movchan-Demchishin  zone  model  diagram  as  extended 
by  Thornton  for  the  growth  of  sputtered  films.3 
Film  resistivity  and  reflectivity  were  closest 
to  their  bulk  values  for  compressive  films  deposited 
at  low  argon  pressure  and  high  deposition  rate. 
At  a  deposition  rate  of  2  A/s,  the  critical  pressures 
at  which  resistivity  starts  to  rise  and  reflectance 
begins  to  decrease  are  very  close  to  the 
aforement ioned  stress  transition  pressure. ^  In 
general,  the  data  are  consistent  with  the 
dependencies  of  physical  properties  on  pressure 
and  deposition  rate  observed  for  other  metals. 
We  are  currently  examining  the  effects  of  film 
thickness  and  residual  gas  pressure  on  stress. 
The  ultimate  goal  of  this  research  is  to  correlate 
stress  with  the  adhesion  between  film  and  substrate. 

1.  A.  Entenberg,  V.  Lindberg,  K.  Fletcher,  A. 

Catesman,  R.  S.  Horwath,  J.  Vac.  Sci.  Technol. 
A  5,  3373  (1987). 

2.  D.  W.  Hoffman  and  J.  A.  Thornton,  Thin  Solid 
Films  40,  355  (1977). 

3.  J.  A.  Thornton,  in  Deposition  Technologies 
for  Films  and  Coatings,  edited  by  R.  F.  Bunshah 
(Noyes,  Park  Ridge,  NJ,  1982),  pp.  211-219. 
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Adhesion  of  metals  to  polymers  depends  on  the 
chemical,  mechanical,  and  electrostatic  na¬ 
ture  of  the  interface,  as  well  as  diffusion 
phenomena  [1].  In  this  paper,  attention  has 
been  focused  on  the  chemical  component  of 
adhesion,  which  is  governed  to  a  large  extent 
by  acid-base  interactions. 

Surface  acidity  of  a  variety  of  metal  oxides 
have  been  characterized  by  their  isoelectric 
points  [21,  but  this  approach  has  been  limit¬ 
ed  to  aqueous  media,  where  the  Bronsted-Lowry 
concept  of  acids  is  applicable.  In  devising 
a  theory  which  is  applicable  to  non-aqueous 
systems,  e.g.  vacuum  deposition,  the  more 
general  Lewis  definitions  should  be  used. 
Interactions  of  electron  pairs  (Lewis  acid- 
base  chemistry)  is  readily  addressed  by  mole¬ 
cular  orbital  calculations. 

From  a  quantum  chemical  perspective,  acidity 
is  determined  by  two  factors:  1)  the  number 
of  empty  orbitals  which  can  interact  with  a 
base,  and  2)  the  energy  of  the  empty  orbi¬ 
tals.  The  first  factor  is  somewhat  intui¬ 
tive:  the  larger  the  number  of  empty  orbitals 
available  to  accept  electron  lone  pairs,  the 
greater  the  probability  of  bonding  to  a  base. 
The  second  factor  is  derived  from  application 
of  perturbation  theory  to  acid-base  systems. 
Species  (atomic  or  molecular)  are  acidic  if 
their  empty  orbitals  are  low  in  energy. 
These  criteria  are  readily  determined  for  a 
large  surface  by  performing  band  calcula¬ 
tions.  From  such  calculations,  the  Fermi 
level  (energy  of  the  highest  occupied  molecu¬ 
lar  orbital)  and  the  Density  of  States  (num¬ 
ber  of  orbitals  in  the  energy  range  E  to 
E+dE)  can  be  obtained.  For  a  solid  to  be 
strongly  acidic,  the  Fermi  level,  e,  must 
occur  at  low  energy  (criterion  2),  and  the 
Density  of  States,  DOS,  immediately  above  e 
must  be  large  (criterion  1). 

Surface  acidity  of  chromium,  nickel,  and 
copper  and  their  oxides  was  investigated  by 
performing  extended  Huckel  type  band  calcula¬ 
tions  on  these  materials.  Special  attention 
was  given  to  the  position  of  e,  as  well  as 
the  DOS  immediately  above  e.  Interactions 
with  basic  functional  groups  encountered  in 
polymers  were  investigated  explicitly  by 
studying  the  adsorption  chemistry  of  ammonia, 
a  model  base,  on  these  metal  (metal  oxide) 
surfaces.  Substrate-ammonia  bonding  was  ana¬ 
lyzed  in  terms  of  the  adsorption  energy  and 
the  metal-ammonia  overlap  population.  (Over¬ 
lap  populations  are  a  measure  of  the  degree 
of  bond  formation  between  two  atoms.  Essen¬ 
tially,  overlap  populations  are  refined  bond 
orders . ) 

As  an  example  of  the  analyses  employed,  con¬ 
sider  the  DOS  plots  shown  in  Figure  1, 
along  with  the  position  of  e.  For  chromium 


and  nickel,  e  occurs  in  the  prominent  3D 
band,  where  the  DOS  is  high.  Thus,  there  are 
many  empty  orbitals  with  which  a  base  can 
interact.  On  the  other  hand,  the  DOS  for 
copper  is  small  in  the  immediate  vicinity  of 
s.  Further,  e  of  copper  is  at  higher  energy 
than  e  of  either  chromium  or  nickel.  Acidity 
of  the  metals  should  follow  the  trend, 

Cr  >  Ni  >  Cu 

A  similar  trend  holds  for  the  metal  oxides. 

In  addition,  the  calculations  indicated  that 
nickel  and  chromium  oxides  are  much  more 
acidic  (in  the  Lewis  sense)  than  the  clean 
metals,  owing  to  the  decrease  in  metal  orbi¬ 
tal  energy  with  increased  oxidation  state. 
On  the  other  hand,  a  clean  surface  of  copper 
was  found  to  be  about  as  acidic  as  the  oxide, 
a  result  of  balance  between  increased  oxida¬ 
tion  state  and  decreased  DOS  of  unoccupied 
bands.  Acidity  for  all  the  systems  studied 
follows  the  trend, 

Cr203  >  NiO  >  Cr  >  Ni  >  Cu20  *  Cu 

The  chemical  component  of  adhesion  is  expect¬ 
ed  to  follow  the  same  trend,  where  the  poly¬ 
mer  of  interest  contains  basic  functionali¬ 
ties  (e.g.  amino  groups). 
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Figure  1:  DOS  of  Cr,  Ni,  and  Cu.  Shaded 

areas  indicate  filled  bands.  Fermi 
levels  are  indicated  on  the  energy 
axes . 
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Polymer  •  metal  interfaces  are  an  integral  part  of  several 
processes  and  devices  that  are  important  to  the 
microelectronics,  aerospace,  and  other  industries.  The 
adhesion  of  macromoleculcs  to  metallic  surfaces  and  the 
metallization  of  plastics  are  just  two  examples  of  specific 
applications  wherein  an  understanding  of  metal  -  polymer 
interfaces  is  required.  Due  to  the  technological  import  of 
such  interfaces,  they  have  been  the  subject  of  a  fair  amount 
of  research  in  recent  years  fe.g.  1,  2,  3,  4}.  However,  a 
fundamental  understanding  of  the  role  of  molecular  forces  in 
determining  the  strength  of  the  interfacial  bonds  formed  has 
not  yet  evolved.  In  this  work  we  examine  how  polymeric 
molecules  bearing  reactive  functional  groups  interact  with 
metal  atoms  and  surfaces.  The  problem  has  been 
approached  from  a  theoretical  viewpoint.  In  particular, 
quantum  mechanical  theoretical  tools  such  as  molecular 
orbital  theory  (MOT)  and  density  functional  theory  (DFT) 
have  been  applied  towards  studying  how  the  electronic 
properties  of  the  polymer  and  the  metal  affect  the  strength 
of  the  interfacial  bonds  and  the  morphology  of  the  interface. 

The  specific  polymer  that  has  been  chosen  for  study  is 
polymethyl  methacrylate  (PMMA);  however,  the  results  ate 
easily  extended  to  other  non  -  aromatic  polymers  bearing 
carbonyl  (C=0)  functional  groups.  The  interactions  of 
PMMA  with  two  metals,  A1  and  Cr,  have  been  studied. 
The  studies  of  PMMA  -  AI  interactions  are  more  extensive  in 
scope. 

A  polymer  -  metal  interface  may  be  constructed  in  two 
different  ways.  On  one  hand,  the  interface  may  be  prepared 
by  spin  coating  a  polymer  on  to  a  metal  surface  that  has 
been  suitably  protected  from  contamination.  On  the  other 
hand,  the  interface  could  also  be  prepared  by  evaporating  or 
sputtering  the  metal  on  to  a  polymer  surface.  It  is 
important  to  note  that  the  evolution  of  the  interface,  and  the 
interactions  that  occur  in  the  two  cases  are  different  even  in 
principle.  In  the  case  wherein  the  polymer  is  spin  coated 
on  to  a  metal  surface,  the  polymer  molecules  interact  with 
the  delocalized  electronic  state  inherent  to  a  metal  surface. 

In  contrast,  when  the  metal  atoms  are  evaporated  on  to  a 
polymer  surface  the  reactive  functional  groups  of  the 
polymer  molecules  initially  interact  with  individual  metal 
atoms  or  clusters  of  atoms.  Thus,  they  interact  with  the 
localized  electronic  states  (or  orbitals)  characteristic  of  the 
metal  atoms.  In  this  work  both  these  related  but  dissimilar 
scenarios  are  examined.  The  interactions  of  metal  atoms  and 
clusters  with  model  compounds  of  PMMA  have  been 
studied  via  both  semi  -  empirical  molecular  orbital  calculations 
(using  the  MNDO  Hamiltonian)  and  ab  initto  molecular 
orbital  calculations  using  gaussian  basis  sets.  The  results  of 
these  calculations  have  also  been  interpreted  within  the 
framework  of  perturbation  molecular  orbital  theory.  The 
interactions  of  model  compounds  for  PMMA  with  metallic 
surfaces  have  been  studied  within  (he  framework  of  DPT 
wherein  the  delocalized  metallic  surface  is  represented  as  a 
jellium. 

The  model  compound  for  PM.VlA  that  we  have  chosen 
to  study  is  Cjllj^Ch.  This  molecule  incorporates  carbonyl 
and  methoxy  groups  which  are  the  potentially  reactive 
functional  groups  in  the  PMMA  monomer  unit.  Molecular 
orbital  calculations  for  the  interactions  of  Al  with  this  model 
compound  show  that  metal  atoms  interact  primarily  with  the 
carbonyl  group.  The  methoxy  group  does  not  interact  w  ith 
the  metal  in  any  significant  manner.  This  result  has  been 
rationalized  based  on  the  molecular  orbital  manifold,  and 
frontier  molecular  orbital  theory.  Our  results  also  show  that 
at  least  two  A I  atoms  are  required  to  interact  with  the 


carbonyl  functional  group.  This  is  consistent  with  the  fact 
that  Al  being  a  Group  111  metal  prefers  to  tcinu  iruilunuHear 
organometailic  complexes.  The  formation  of  an  "AI  - 
carbide  -  oxide"  species  is  predicted  by  the  molecular  orbital 
calculations.  This  is  consistent  w'ith  the  experimental  XPS 
studies  of  PeKoven  and  Hagans  [5j  who  have  studied  the 
interactions  of  sputter  deposited  Al  with  polyacrylic  acid. 
PAA  (a  non-aromatic  polymer  bearing  carbonyl  groups). 
The  changes  in  spectral  features  observed  by  these  workers 
upon  the  interaction  of  Al  with  PAA  can  also  be  rationalized 
based  on  our  molecular  orbital  calculations.  The 
multinuclear  nature  of  the  interaction  has  important 
implications  for  the  reactions  of  a  polymer  molecule  with  Al 
atoms.  Multinuclear  interactions  necessitate  that  the  carbonyl 
group  orient  itself  in  specific  configurations  with  respect  to 
at  least  two  Al  atoms.  Interesting  future  experiments 
exploring  this  aspect  of  the  interaction  are  suggested. 
Theoretically,  this  issue  has  been  briefly  explored  by 
examining  the  interactions  of  dimers  of  the  model  compound 
with  Al  atoms.  The  multinuclear  nature  of  the  interactions 
of  Al  with  carbonyl  bearing  polymers  also  serves  to 
rationalize  the  experimentally  observed  clustering  of  reacted 
metal  atoms  observed  by  Weaver  et  al.  |6|  and  Bartha  et  al. 
[7]  for  the  reactions  of  Al  with  polyimides. 

The  interactions  of  the  model  compound  for  PMMA 
with  a  metal  surface  have  been  studied  in  this  work  by 
; representing  the  surface  as  a  jellium.  A  jelium  model 
considers  the  surface  to  consist  of  a  uniform  background  of 
positive  charge  that  just  neutralizes  the  electronic  charge.  A 
linear  response  analysis  within  the  framework  of  DFT  thut 
owes  its  origins  to  the  work  of  Smith  et  al.  f 8 )  is 
presented.  The  results  of  these  calculations  when  compared 
to  the  molecular  orbital  calculations  clearly  show  the  role  of 
the  continuum  of  eigenstates  embodied  by  a  metal  surface 
in  determining  the  strength  of  the  adhesive  bond. 

In  addition  to  the  results  of  investigations  of  Al  - 
PMMA  interactions  outlined  above,  our  preliminary 
theoretical  results  studying  the  reactions  of  a  transition  metal 
(Cr)  with  the  PMMA  model  compound  are  also  presented, 
important  differences  that  have  been  observed  compared  to 
Al  are  discussed  and  related  to  ongoing  XPS  investigations 
in  this  laboratory  (9). 
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The  adhesive  interface  between  insulating  polymers  and  metals 
is  useful  in  a  wide  variety  of  areas  such  as  microelectronic  devices, 
flexible  connects  and  solar  cells.  A  comprehensive  understanding  of 
the  relationship  between  chemical  bonding  and  the  adhesion 
phenomenon  at  metal-polymer  interfaces  is  of  fundamental  interest  in 
surface  science.  The  details  of  the  physical  interactions  and  solid 
state  chemical  reactions  between  polymer  surface  atoms  and  metal 
surface  or  near  surface  atoms  may  be  correlated  to  the  macroscopic 
properties  of  the  system. 

A  variety  of  interesting  studies  of  metal-polymer  surface 
interactions  and  adhesion  have  been  reported  in  the  past  few  years. 
Most  of  the  work  is  concerned  with  the  surface  interactions  of 
polyimide  (PI)  with  a  variety  of  metals  in  a  high  vacuum 
environment.  In  all  these  cases,  the  surface  atoms  of  the  molecule 
encounter  highly  pure  metal  atoms,  and  hence  the  interactions 
depicted  in  these  systems  may  be  attributed  uniquely  to  the 
metal-polymer  interface. 

Unfortunately,  high  vacuum  techniques  can  only  rarely  mimic 
'rear  interfaces,  and  the  fundamental  information  gained  from  such 
systems  may  not  be  relevant  to  metal-polymer  interfaces  found  in 
various  devices  which  operate  at  ambient  conditions.  In  this  paper, 
we  concern  ourselves  with  metal-polymer  interactions  in  systems 
where  the  metal  surfaces  have  been  exposed  to  the  environmental 
atmosphere  and  hence  these  surfaces  are  not  "clean",  but  contain  a 
mixture  of  the  metal,  metal  oxide  and  metal  hydroxides.  As  a  result, 
the  polymer  surface  comes  in  contact  with  a  variety  of  metal 
compounds  and  the  subsequent  reactions  may  be  quite  different  than 
those  found  in  the  high  vacuum- generated  interfaces. 

The  polymer  chosen  for  this  study  was  PMMA,  because  its 
C=0  and  C-O  groups  would  be  the  primary  site  of  interaction  with 
the  metal  surface,  and  moreover,  PMMA  generates  much  interest  in 
electronics  due  to  its  photoresist  properties.  Therefore, 
understanding  its  chemistry  on  a  metal  surface  would  be  important 
from  both  fundamental  and  practical  points  of  view.  The  metals  used 
in  this  first  study  were  the  first  row  (3d)  transition  metals  Cr  and 
Ni. 

The  metal  surfaces  were  obtained  by  electron  beam 
evaporation  on  a  substrate,  and  subsequently  analyzed  by  electron 
diffraction  to  determine  the  presence  of  the  various  oxide  species 
formed  on  the  surface.  The  PMMA  layer  was  deposited  by 
spin-coating  over  the  metal  surface  and  the  film  thickness  was 
determined  by  ellipsometry.  Finally,  the  resulting  interfaces  were 
examined  by  means  of  XPS  (X-ray  phot^electron  spectroscopy). 
Based  on  these  measurements,  possible  reactions  at  the 
PMMA-metal  interface  may  be  identified. 

The  detailed  analysis  of  the  metal  Films  reveals  the  presence  of 
three  main  species  on  the  Cr  surface:  Cr^,  Cr2n,03  and  CrJ,lO(OH). 
Similar  compounds  are  formed  on  the  Ni  surface  as  well. 

Since  the  systems  studied  here  are  very  complex,  very  rigid 
rules  had  to  be  set  for  the  interpretation  of  the  XPS  data.  Asa  first 
step,  the  XPS  spectra  of  a  230A  PMMA  film  (considered  for  this 
study  as  bulk  PMMA)  deposited  on  a  Si  substrate  are  shown  in 
Figure  l(a,b).  The  C  (Is)  core  level  photoemission  spectrum  of 
PMMA  ( Figure  la  )  was  fitted  into  3  main  peaks  and  the  O  (Is) 
core  level  photoemission  spectra  of  the  same  PMMA  film 
( Figure  lb)  was  fitted  into  two  main  peaks.  Special  attention  should 
be  focused  on  some  of  the  peak  parameters,  i.e.  the  binding  energy, 
the  %  gaussian  and  the  full  width  at  half  of  the  peak's  maximum 
(FWHM).  Since  the  spectra  of  the  bulk  PMMA  will  be  used  as  a 
reference  in  the  consequent  analysis  of  the  PMMA-metal  interfaces, 
it  is  critical  to  fix  the  position  of  the  peaks,  the  %  gaussian  and  the 
FWHM  within  very  narrow  limits.  The  second  step  in  the 
proceedure  is  applying  the  restrictions  described  above  also  for  the 


O  (Is)  core  level  photoemission  spectra  of  the  metal/metal  oxide 
film  which  were  already  analyzed.  The  third  step  in  the  analysis  of 
the  PMMA-metal  interfaces  is  the  use  of  the  C  (Is)  and  O  ( Is)  core 
level  spectra,  obtained  from  the  metal  oxide  surfaces  and  bulk 
PMMA,  as  baseline.  Therefore,  the  carbon  region  spectra  of  the 
PMMA-metal  interface  should  be  Fitted  with  at  least  three  peaks  (all 
originating  from  the  polymer),  while  the  oxygen  region  spectra  of 
‘the  interface  should  be  fitted  with  at  least  Five  peaks  (three  from  the 
metal  surface  and  two  from  the  polymer).  At  this  point  it  becomes 
clear  why  this  type  of  analysis  cannot  work  without  such  rigid 
requirements.  A  small  shift  in  the  peak  position,  %  gaussian  or 
FWHM  in  only  one  of  the  peaks  may  cause  the  superposition  of 
two  adjacent  peaks,  thus  resulting  in  critical  loss  of  information  and 
a  distortion  of  the  experimental  data. 

Figure  2(a,b )  shows  the  C  (Is)  core  level  photoemission 
spectra  of  a  40A  PMMA  Film  deposited  on  a  Cr/Cr  oxide  surface 
(2a)  and  on  a  Ni/Ni  oxide  surface  (2b)  .  The  assignment  of  the 
peaks  has  been  performed  after  taking  into  account  the  correction 
due  to  surface  charging.  After  fixing  the  three  peaks  originating 
from  the  polymer,  a  new  peak  had  to  be  added  in  order  to 
deconvolute  the  spectrum  to  a  reasonable  degree  of  satisfaction. 
This  new  peak,  in  both  systems,  is  positioned  at  a  higher  binding 
energy  than  that  of  a  the  carbon-oxygen  single  bond.  In  addition, 
the  relative  decrease  in  the  intensity  of  the  C-O  bond  compared  to 
the  C=0  bond,  effect  which  is  seen  in  both  the  chromium  and  the 
nickel  systems,  suggests  that  the  reaction  between  the  metal  oxide 
and  the  polymer  takes  place  primarily  at  the  H3C-O  bond. 

In  order  to  understand  the  breakage  of  the  HiC-O  bond  it  is 
important  to  examine  the  changes  that  occur  on  the  metal  oxide 
surfaces  upon  addition  of  the  polymer.  The  ratio  between  the  oxide 
and  oxyhydroxide  species  increases  upon  deposition  of  PMMA  on 
the  metal  oxide  surface.  This  change  indicates  that  the 
oxyhydroxide  compound  may  have  reacted  with  the  carbon-oxygen 
single  bond  in  a  manner  which  resulted  in  the  breakage  of  that 
bond.  Theoretically,  since  the  thickness  of  the  polymer  layer  (40A) 
is  smaller  than  its  radius  of  gyration  (-100  A),  every  H3C-O  bond 
along  the  polymer  chain  may  come  in  contact  with  the  metal  surface 
and  undergo  this  type  of  reduction  of  the  carbon-oxygen  bond. 

The  intent  of  the  work  presented  in  this  paper  in  not  merely  to 
state  experimental  results  which  pertain  to  interactions  in  a 
metal-polymer  svstem,  but  also  to  introduce  the  notion  of  "real  life" 
interfaces  and  the  high  degree  of  complexity  associated  with  such 
systems.  Moreover,  we  have  attempted  to  show  that  it  is  possible  to 
study  interfaces  of  this  type,  if  one  has  the  ability  to  characterize 
both  the  bare  surfaces  and  the  resulting  interfaces  by  adhering  to  a 
very  restrictive  set  of  self-imposed  rules,  whose  purpose  is  to 
minimize  the  analytical  error  margin.  The  results  which  we  have 
obtained  show  that  a  limited  reaction  takes  place  between  the  Cr/Cr 
oxide  and  the  Ni/Ni  oxide  surfaces  and  the  PMMA  at  the  interface, 
and  as  a  result  a  complex  is  formed  together  with  other  changes  in 
the  metal  and  polymer  films.  Additional  support  for  these  results 
shall  be  obtained  via  UPS  and  FTIR  experiments. 
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Adhesion  of  coalings  on  plastics  is  a  re-occurring  and 
difficult  problem  to  solve  satisfactory.  Materials  originally 
selected  for  chemical  resistance  or  low  cost  are  being  used 
in  applications  where  metallization,  decorative  coating, 
structural  adhesive  bonding,  encapsulation,  environmental 
potting,  or  permanent  marking  is  essential.  Historically, 
incompatibilities  have  been  overcome  by  the  use  of  chemi¬ 
cal  etchants,  solvents,  mechanical  abrasion,  and  in  some 
cases  with  corona  treatment.  All  of  these  approaches  have 
inherent  disadvantages  in  the  costs  of  storing,  handling, 
and  disposal.  Traditional  treatment  techniques  are  often 
lacking  in  the  level  and  reproducibility  of  the  results. 

A  proven,  yet  relatively  unknown  technology  is  quickly  be¬ 
coming  recognized  as  a  efficient,  economic,  versatile,  and 
effective  solution  to  adhesion  problems-  cold  gas  plasma 
surface  treatment  which  capitalizes  on  the  unique  and 
reactive  properties  of  ionized  gases  at  low  pressures. 
Plasma  is  effective  over  a  wide  range  of  materials,  from 
olefins,  tu  elastomers;  engineering  thermoplastics  to  fluoro¬ 
carbons.  Typically,  the  adhesion  is  increased  many  fold, 
often  resulting  in  cohesive  bond  failures. 

In  metallization  processes,  plasma  is  used  first  for  removing 
contamination  and  mold  releases;  then  to  roughen  the 
surface  on  a  microscopic  scale,  providing  a  favorable 
topography  for  mechanical  adhesion;  and  finally  for  altering 
the  surface  chemistry  thus  promoting  wetting  and 
enhancing  chemical  interaction  between  substrate  and 
coating.  The  excellent  adhesion  characteristics  that  plasma 
affords  sometimes  allows  the  elimination  of  primers  and  tie- 
layer  coating  steps.  Plasma  is  beneficial  for  evaporative, 
sputtered,  arc-sprayed  and  electrodeless  deposited 
coatings. 

A  common  analogy  considers  plasma  to  be  a  fourth  stale  of 
matter.  As  in  the  transition  of  matter  from  solid  to  liquid,  and 
liquid  to  gas,  additional  energy  Into  the  gas  will  ionize  it, 
creating  a  plasma.  In  commercial  plasma  systems  energy  is 
supplied  by  rf  (radio  frequency)  power.  As  in  any  phase 
transformation,  a  pressure/lemperature  relationship  exists 
(or  the  formation  of  a  plasma.  At  high  pressures  a  great  deal 
of  energy  is  required  to  strike  a  plasma  and  so  the  thermal 
characteristics  are  very  hot.  High  pressure  plasmas  are 
used  for  fission  experimentation  for  this  reason.  At  atmo¬ 
spheric  pressures  the  plasma  contains  properties  of  hot 
plasmas  and  of  cold  plasmas,  which  occur  at  vacuum  pres¬ 
sures.  Examples  of  atmospheric  “mixed  plasmas"  are 
lightning,  corona,  and  plasma-arc  spray  coating  processes- 
processes  characterized  by  an  arc  discharge  where  regions 
of  high  ionization  act  at  low  resistance  current  paths. 


At  reduced  pressures  a  uniform  glow  discharge  is  created 
as  excited  species  in  the  ionized  gas  cloud  combine  and 
return  to  ground  state.  The  spectrum  (color)  of  the  glow 
discharge  is  characteristic  of  the  gas  chemistry.  Environ¬ 
mentally,  a  plasma  is  uniquely  active.  Ionized  gases  form  a 
multitude  of  species  which  are  chemically  active  and 
kinetically  energetic  enough  to  break  bonds  on  the  surface 
of  plastics.  The  low  pressure  assures  that  the  bulk  temper¬ 
atures  of  the  i  'nsma  remains  at  or  near  room  temperature, 
thus  thermally  aelicate  materials  can  be  safely  treated. 

Cold  plasmas  contain  positive  and  negative  ions,  electrons, 
free  radicals,  metastables  and  high  energy  UV  radiation. 
Any  organic  material  exposed  to  this  environment  will  have 
a  significant  density  of  free  radicals  formed  on  their  surface. 
These  sites  are  then  available  for  reaction  with  the  gas 
resulting  in  a  chemical  modification  of  the  surface.  The 
types  of  groups  added  to  the  surface  are  well  controlled  by 
the  gas  chemistry  selected  and  by  the  processing  cond¬ 
itions.  From  example,  an  oxygen  plasma  will  put  hydroxyls, 
carbonyls,  esters,  ethers  etc.  on  the  surface,  producing  a 
very  hydrophilic  surface  much  greater  than  73  dynes/cm 
with  extremely  low  contact  angles.  Conversely,  tetratluoro- 
methane  (Freon  14)  plasmas  will  provide  highly  fluorinated 
surfaces  with  surface  energies  less  than  26  dynes/cm  and 
contact  angles  in  excess  of  110°.  Other  gas  chemistries 
commonly  used  include  ammonia,  nifous  oxide,  air, 
nitrogen,  argon,  helium,  and  other  non-reactive  gases. 

In  addition  to  surface  modification,  plasma  have  other  con¬ 
current  and  competing  effects  on  the  surface  oi  materials. 
Plasmas  are  extremely  efficient  at  cleaning  organics  such 
as  environmental  contaminants,  mold  releases  and  other 
additives  from  the  surface.  Thus  plasma  is  also  often  used 
for  the  super  cleaning  of  inorganic  substrates  such  as 
metals,  ceramics  and  glasses.  More  aggressive  cleaning 
ablates  or  etches  the  top  molecular  layers  of  organic  sub¬ 
strates.  Useful  for  example  if  a  weak  boundary  layer  exists 
or  if  micro-roughening  is  desirable. 

Plasma  induced  grafting  is  where  free  radicals  are  generat¬ 
ed  on  the  substrate  with  a  noble  gas  (argon,  helium,  etc...) 
plasma  which  cannot  react.  If  the  power  is  turned  off  and  the 
system  is  back  flushed  with  an  unsaturated  monomer  gas,  a 
graft  polymerization  chain  reaction  can  be  initiated.  Proper 
selection  of  the  monomer  can  lead  to  very  interesting  chem¬ 
istries  on  the  surface.  One  example  is  the  use  of  acrylic  acid 
to  graft  acrylic  side  chains. 

Rf  power  when  organic  gases  are  present,  produces  the 
potential  for  plasma  polymerization.  The  gas  is  split  into 
polymerizable  groups  by  the  plasma  and  then  read  in  the 
gas  phase  or  combine  on  surfaces  to  form  unique,  highly 
crossiinked,  pinhole  free,  polyhydrocarbon  materials.  Meth¬ 
ane  will  form  a  coating  on  objeds  placed  within  the  plasma. 

Cold  plasma  surface  treatment  technology  offers  significant 
technological  and  economic  advantages  over  other  treat¬ 
ment  techniques.  The  capability  of  modifying  sens.;,ve. 
chemically  resistant  materials  in  a  safe  and  reproducible 
manner,  makes  plasma  an  ideal  technology  for  solving 
today's  manufaduring  problems,  while  allowing  the  product 
designer  an  opportunity  to  develop  unique  and  better 
quality  products  for  the  future. 
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1.  Principal  of  the  plasma  process 

One  of  the  salient  features  of  the  plasma  process 
is  the  use  of  gases  instead  of  liquid  chemicals 
as  the  reaction  partners,  making  it  a  dry  process. 
I'nder  a  pressure  of  about  0.5  to  2,0  mbar  a  gas 
or  a  mixture  or  gases  is  introduced  into  a  vacuum 
chamber  serving  as  process  chamber.  By  application 
of  a  high-frequency  alternating  voltage  a  gas 
discharge  (plasma)  is  ignited  whereby  the  gas  in 
the  chamber  Is  brought  to  an  ionized  state. 

Ihe  chemical  radicals  resulting  duiing  this 
discharge  react  with  the  surface,  depending  on 
the  type  of  gas,  and  form  volatile  compounds 
wh'ch  are  sucked  off  by  the  vacuum  pump.  The 
plasma  contains  electrical  uncharged  particles 
(molecules'* »  charged  particles(ions  and  electrons) 
and  u l era-violet  radiation  is  developed.  The 
reaction  is  essentially  due  to  the  radicals  and 
the  ultra-violet  radiations. 

This  so-called  low-pressure  plasma  is  character¬ 
ized  by  reactions  taking  plasma  at  temperatures 
between  about  60  and  W0°C;  unde-  atmospheric 
pressure  such  reactions  are  only  possible  at 
temperatures  of  several  hundred  °C.  This  fact 
permits  the  treatment  of  organic  materials  like 
plastics  which  must  not  be  exposed  to  high  thermal 
loads. 

The  process  gases  most  widely  used  in  the  treat¬ 
ment  of  plastics  comprise  oxygen,  air,  inert 
gases,  nitrogen  and  tetraf  Iuoromethane(Cfh  .)  as 
well  as  hydrogen  in  Isolated  cases.  Typical 
process  parameters  are  given  in  Table  1. 

2.  Plasma  systems 

The  systems  offered  on  the  market  are  supplied  In 
various  frequency  ranges  (kHz,  MHz,  GHz),  the 
efficiency  of  the  reaction  increasing  with  rising 
f requeue v . 

Current  barrel  systems  are  available  both  as 
laboratory  scale  designs  with  chamber  capacities 
from  It)  to  20  litres  and  as  commercial  scale 
designs  (from  several  hundred  litres  up  to  sevejl 
cubic  metres).  The  process  times  are  in  the  range 
of  several  minutes  with  variations  between  the 
Individual  materials. 

1.  Imprv)ved  adhesion  in  cementing,  printing  and 
metal l izing 

Whereas  on  the  inorganic  materials  the  plasma  is 
in  most  cases  used  for  cleaning  purposes,  a 
change  of  the  surface  with  the  effect  «>t  a  drastic 
increase  In  wettability  can  be  produced  on  many 
plastics.  A.  the  Institute  for  Welding  and  Join¬ 
ing  Technology  of  the  Berlin  Technical  University 
studies  were  conducted  on  a  number  of  thermo¬ 
plastics  with  the  aim  at  representing  the  effect 
of  plasma  treatment  in  improving  adhesion.  The 
results  are  given  in  Fig.  I  to  1.  The  adhesion 
levels  obtained  essentially  are  a  function  of  the 
tvpe  of  gas  used  and  the  time  of  treatment.  Of 
tV-  various  gases  tried,  oxygen  has  prnvid  to  be 
tiu*  most  suitable  one  for  most  plastic1.  It  was 
found  that  treatment  times  even  of  less  than  1  min 
vie  lde<i  improvements  of  adhesion  which  »>nlv  in¬ 
creased  negligible  even  over  prolonged  periods  of 


For  several  thermoplastics,  the  influence  of  the 
holding  time  was  also  determined;  this  is  under¬ 
stood  to  be  the  period  of  time  between  plasma 
treatment  and  cement  application.  For  PF.  and  PP 
the  result  was  such  that  no  adverse  effect  has 
occurred  even  after  several  hundred  hours. 

it.  Case  histories 

Many  industries  would  like  to  make  wider  use  of 
plastics,  if  the  inadequate  adhesion  properties 
were  not  prohibitive.  Here  the  plasma  process 
opens  up  new  perspective.  The  few  case  histories 
presented  below  demonstrate  how  the  advantages  of 
the  plasma  process  have  so  far  been  industrially 
utilized . 

Automotive  industry:  parts  from  PP  and  PE, 
such  as  bumpers  [e.g.9],  instrument  panels, 
reflectors  and  fascias,  are  treated  in  the 
plasma  prior  to  painting  or  metallizing.  This 
allows  the  use  of  less  expensive  plastics. 

.  Electrical  industry:  By  the  plasma  treatment 
of  PP  cups  for  capacitors  the  adhesion  in  che 
ensuing  potting  operation  using  epoxy  resin 
is  considerably  increased.  Very  good  results 
are  also  obtained  in  the  treatment  of  silicone 
rubber  parts  te.g.  for  plugs)  prior  to  sc-een 
printing  or  cementing. 

Manufacture  of  printed  circuit  boards:  Here 
olasma  treatment  yields  improved  adhesion  of 
copper  layers  on  Teflon. 

.  Chemical,  pharmaceut ical ,  biological,  med 
equipment:  In  these  application  areas,  aov. 

tage  is  taken  of  an  increased  wettability  of 
treated  plastics  surfaces,  e.g.  with  mouldings 
from  PF.,  such  as  bottles,  pipes  and  containers 
Other  applications  are  known  from  the  sector 
of  film  fabrication  and  the  textile  industry. 

5.  Integration  in  production  lines 

Plasma  processes  are  suited  to  replace  wet  chem¬ 
ical  methods  as  well  as  other  conditioning 
processes  in  production.  For  integration  into  a 
production  line  care  should  be  taken  that  the 
system  selected  involves  an  intermittent  vacuum 
process.  Typically  cycle  times  of  between  ^  and 
15  min  can  he  indicated.  Process  chambers  with 
capacities  of  several  cubic  metres  are  now  commer 
cfalJy  available. 

f>.  Cost  of  plasma  treatment 

The  cost  of  a  plasma  treatment  fucfiitv  is  often 
compensated  by  the  fact  that  equipment  lor  wet 
chemical  treatment  and  ensuing  rinsing  processes 
can  be  dispensed  with.  Space  and  personnel  re¬ 
quirements  are  low.  The  operating  costs  can  bo 
Indicated  as  very  low,  because  of  minimum  chemfca 
requirement  le.r.  0.51 /min  oxvgen*.  Another  ad¬ 
vantage  becomes  obvious  in  this  respect,  which  is 
the  easy  disposal  of  the  chemicals.  When  using 
oxygen  or  inert  gases,  the  exhaust  gas  of  the 
pump  can  be  fed  directly  to  a  suitable  exhaust 
ventilation  svstem. 

in  addition,  a  plasma  svstem  ensures  a  verv  high 
safety  level  in  the  working  area  as  the  svstem 
is  hermetically  scaled  during  the  process. 

As  environmental  regulations  are  becoming  more 
stringent,  the  plasma  technology  gains  increasing 
importance . 
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Table  I.  Typical  process  parameters  for  low-pressure  plasma  treatment 


Process  procure 

0.6  to  1.5  mbar  (60  to  150  Pa) 

High-frequency  power 

several  100  W  (up  to  several  kW' 

Process  gas 

oxygen 

Gas  (low  rate 

50  to  500  ml/ min 

Process  time 

1  to  15  min 

Temperature 

60  to  100°C  (max.  150  to  200 °Q 
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Fig.  I.  Tensile  shear  strength  of  PP  as  a  function  of  the  time  of  treat¬ 
ment  in  the  oxygen  plasma 
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Fig.  2.  Ten  si  I,  shear  strength  of  an  epoxy  cemented  POM/steel  joint  as 
a  function  oj  the  lime  of  oxygen  piasma  treatment 
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Fig  3.  Tensile  shear  strength  of  PE  as  a  function  of  the  time  of  argon 
plasma  treatment 
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The  chemical  and  compositional  modifications  of  a 
polyetheriaide  surface  during  metallization  processes 
have  been  monitored  using  x-ray  photoelectron  spec¬ 
troscopy  (KPS).  Figure  1  shows  a  simplified  outline  of 
a  typical  pggcess  scheate  for  the  production  of  metal¬ 
lized  Ultem  (polyetheriaide)  circuit  boards.  Charac¬ 
terization  of  the  Ultem  surface  at  several  stages  of 
the  metallization  sequence  (those  marked  with  aster¬ 
isks  in  Figure  1)  has  aided  in  the  identification  of 
several  process  problems,  and  has  provided  some  funda¬ 
mental  understanding  of  the  chemistry  of  the  polymer 
surface  and  adsorbed  metallization  catalysts. 

The  detection  of  surface  contamination  is  the 
simplest  application  of  KPS  to  these  systems.  For 
example,  residual  silicone  mold  release  agents  on  the 
initial  surface  vat  found  for  a  aeries  of  parts  exhi¬ 
biting  poor  metal/plaatic  adhesion.  Surface  concen¬ 
trations  of  2-4  atomic  %  Si  are  sufficient  to  cause 
de-bonding.  The  effectiveness  of  various  surface 
cleaning  agents  for  removing  the  contaminants  was 
determined. 

Chemical  modification  of  the  polymer  structure 
has  also  been  addressed.  The  primary  reaction  relevant 
to  Ultem  involves  hydrolysis  of  the  iaide  functionej- 
ity,  according  to  the  reaction  sequence  illustrated  in 
Figure  2.  Since  the  surface  may  be  exposed  to  aqueous 
and/or  alkaline  environments  daring  different  process 
steps,  the  ability  of  KPS  to  detect  the  occurrence  of 
this  reaction  was  investigated.  Model  reactions  of 
the  sorfsce  with  alcoholic  KOH  was  used  to  produce  a 
hydrolyzed  surface  layer.  For  hydrolyzed  surfaces 
rinsed  only  with  alcohol,  the  KPS  spectra  shoved  that 
iaide  groups  had  been  converted  into  the  potassium 
salt  of  the  carboxylic  acid  plus  an  amide  link.  Sub¬ 
sequent  rinsing  with  water  or  dilute  acid  converts  the 
potassium  carboxylate  into  the  carboxylic  acid.  The 
characteristic  changes  in  the  C  la,  0  la.  and  N  Is 
photoemistion  lines  which  accompany  these  modifica¬ 
tions  will  be  discussed. 

As  shown  in  Figure  1,  the  conditioned  Ultem  sur¬ 
face  is  initially  metallized  in  an  electroless  pro¬ 
cess.  Determination  of  the  amount  and  chemical  nature 
of  adsorbed  metallization  catalysts  has  been  con¬ 
ducted.  The  systems  discussed  here  are  based  on  palla¬ 
dium  compounds  or  Sn/Pd  colloids  (1).  The  chemical 
shift  in  the  Pd  3d  photoemission  lines  is  used  to  dis¬ 
tinguish  ionic  forms  (Pd  (+2))  from  the  active  Pd(0), 
as  illustrated  in  Figure  3.  The  KPS  line  intensities 
can  be  used  for  aemi-qnantitative  comparisons  of  the 
total  catalyst  coverage,  hot  due  to  the  limited  sam¬ 
pling  depth  of  IPS  (ca.  50  angstroms),  some  of  the 
catalyst  may  not  be  detected.  Therefore,  quantifica¬ 
tion  of  the  absolute  catalyst  coverage  is  accomplished 
by  Rutherford  backseat tering  spectrometry  (RBS).  Tbit 
provides  a  calibration  between  KPS  atomic  ^and  tb® 
absolute  coverage  determined  by  RBS  (atoma/cm  ) .  The 
calibration  constant,  however,  is  specific  for  a  given 
catalyst  system,  due  to  differences  in  the  oatalyst 
distribution  in  the  surface  layer  produced  by  dif¬ 
ferent  catalyst  treatments.  For  example,  the  combined 
KPS  and  RBS  results  for  Ultem  surfaces  treated  with  an 
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organometallic  compound  and  thoae  treated  with  col¬ 
loidal  Sn/Pd  are  compared  in  Figure  4. 

These  methods  have  been  used  to  meisnre  chsnges 
in  the  catalyst  composition  during  sequential  sensiti¬ 
zation  and  acceleration  step*  ior  surfaces  treated 
with  a  commercial  Sn/Pd  colloidal  catalyst  (2).  After 
the  sensitization  step,  the  surface  contains  a  large 
excess  of  Sn  hydroxides,  although  metallic  Pd  is 
observable.  After  the  acceleration  atep  moat  of  the  Sn 
is  removed,  and  metallic  Pd  and  Sn  are  present  in 
about  a  7-to-l  ratio.  These  results  are  compared  to 
previously  reported  KPS  results  (3)  for  the  same 
catalyst  on  other  surfaces. 

Production  problems  related  to  the  metallization 
catalyst  have  also  been  identified.  Incomplete  elec¬ 
troless  plating  of  Ultem  circuit  boards  was  attributed 
to  an  unacceptably  low  amount  of  catalyst  present  on 
the  surface.  Quantification  of  surface  Pd  as  a  func¬ 
tion  of  catalyst  solution  concentration  and  tempera¬ 
ture  and  as  a  function  of  surface  conditioning  aided 
in  the  selection  of  an  appropriate  commercial  surface 
conditioner.  In  another  example,  electrical  leakage 
between  metal  runs  on  a  patterned  circuit  board  was 
due  to  the  presence  of  metallization  catalyst  which 
remained  on  the  plastic  surface  after  the  copper  had 
been  selectively  etched  away.  Commonly  used  copper 
etches  were  not  effective  at  removing  the  residual  Pd. 
Small  spot  KPS  analysis  between  the  metallized  runs 
was  used  to  verify  that  the  additional  processing 
steps  developed  removed  the  residual  Pd  and  left  the 
polymer  surface  composition  and  the  other  metalliza¬ 
tion  unaltered. 
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Liquid  metal  ion  sources  which  provide  very  highly 
focused  (5,000  to  500A  dia.)  high  current  density 
(1.0  to  0.5  A/ cm2 )  ion  beams  have  offered  the  pros¬ 
pect  of  extending  the  technique  of  secondary  ion  mass 
spectrometry  well  into  the  sub-micron  lateral  resolu¬ 
tion  range.  This  tantalizing  prospect  has  been  cited 
numerous  times,  but  only  a  few  successful  instruments 
have  been  reported.  Levi-Setti  and  coworkers  have 
published  a  detailed  and  thorough  review  of  their 
recent  work  which  describes  their  focused  ion  beam 
(liquid  metal)  SIMS,  in  which  the  emphasis  is  on  the 
general  utility  of  high  resolution  scanning  ion 
microscropy.1  Kingham,  et  al  have  shown  some  ex¬ 
amples  of  ion  images  obtained  with  a  liquid  metal  ion 
source  SIMS,  but  give  only  a  cursory  account  of  the 
instrument  and  operating  techniques.2 

Our  intention  is  to  use  SIMS  as  an  adjunct,  in-situ 
diagnostic  too 1  for  micromachining  applications  which 
utilize  a  liquid  Ga  ion  source.  The  primary  applica¬ 
tions  are  for  end-point  detection  when  sputtering 
through  thin  films  with  micron  sized  rastered  areas, 
and  for  element  mapping  by  mass  selected  ion  images 
taken  on  raster  fields  from  one  millimeter  t.o  10um. 

The  approach  we  have  taken  is  quite  pragmatic:  The 
detection  of  secondary  ions  must  be  done  without 
compromising  any  of  the  functions  or  operating  param¬ 
eters  of  the  focused  ion  beam  processes.  Signals 
must  be  adequate  to  record  mass  spectra  or  mass- 
selected  ion  images  within  a  matter  of  one  or  two 
minutes.  Ion  extraction  to  the  SIMS  for  mass  spec¬ 
tral  analysis  must  not  interfere  with  the  normal 
total  secondary  ion  imaging,  and  a  minimim  number  of 
variables  (one  or  two)  for  SIMS  signal  optimization 
is  essential  for  convenient  operation. 

End-point  deterton  of  Cr  micromachining  on  photomasks 
was  done  with  .  ’Ster  sizes  ranging  from  lOpm  x  10um 
to  3gm  x  3pm.  The  chromium  oxide  enhanced  52Cr+ 
signal  at  the  Cr/glass  interface  was  used  as  the  end¬ 
point  indicator.  Verification  of  this  effect  was 
obtained  by  XPS  profiling  through  the  Cr  film.  SIMS 
end-points,  total  ion  images,  and  transmitted  light 
measurements  show  that  the  ion-milling  can  be  con¬ 
trolled  to  stop  prior  to,  or  after,  the  Cr/glass 
interface.  Measurements  on  a  common  sample  show  that 
the  absolute  sensitivity  of  the  FIB/SIMS  is  equiva¬ 
lent  to  that  of  a  commercially-made  SIMS  which  uses  3 
KeV  0?  primary  ions  (3  x  10  cps  Cr+/nA  primary  ion, 
100pm  raster).  Mass  selected  secondary  ion  images 
have  been  obtained  for  high  yield  ions  such  as  52Cr+ 
and  2 1  Al+  on  raster  fields  of  25pm  in  time  intervals 
ranging  from  20  to  100  sec.  Al+  SIMS  images  of  1pm 
lines  and  spaces  from  a  VLSI  test  pattern  have  been 
obtained. 
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It  has  been  shown  that  ion  beam  techniques  can  be  used 
to  create  strong  interfacial  adhesion  between  polymer 
substrates  and  vapor  deposited  metal  films.  One  example 
is  that  of  copper  on  Teflon,  where  Chang  ct  al r' 1  have 
obtained  stable  bonding  with  peel  strength  80  gm  mm  by 
means  of  pre-sputtering  the  Teflon  surface  with  500  cV 
argon  ions  in  situ  prior  to  deposition  of  copper,  followed 
by  thermal  annealing.  In  that  situation,  it  was  found  by 
XPS  that  the  deposited  copper  was  chemically  bonded;  in 
addition,  the  polymer  surface  was  roughened,  creating  a 
mechanically  tougher  interface  region.  It  is  expected  that 
both  the  substrate  roughening  and  the  production  of  sur¬ 
face  dangling  bonds  arc  responsible  for  the  adhesion  of 
deposited  metal,  the  interface  atom  configurations  no  doubt 
being  stabilized  by  the  heat  treatment. 

A  similar  large  improvement  in  Cu-Tcflnn  bonding  was 
produced  by  irradiation  of  a  pre-formed  Cu-Tcflon  system 
with  a  penetrating  (250  keV)  beam  of  neon  ions.  Presum¬ 
ably  the  formation  of  new  interface  structures  was,  in  this 
ease,  the  result  of  it  :i  mixing  displacements  of  interface 
atoms,  possibly  disposing  interface  contaminants  at  the 
same  time. 

The  application  of  such  techniques  to  other  systems  of 
technological  importance  invites  further  exploration.  In  this 
paper,  we  shall  examine  systems  that  have  been  studied, 
with  particular  emphasis  on  the  possibilities  of  interface 
structure  tailoring  offered  by  the  process  of  pre-sputtering 
of  the  polymer  substrate. 

I.  C-A.  Chang.  I.E.E.  Baglin.  A.G.  Schrott  and  K.  C.  Lin. 
Appi.  Phys.  Lett.  M  .  103  (1987). 
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INTRODUCTION 

Plastic  metalizing  is  widely  used,  e.g.  for 
the  flexible  print  circuit,  the  transparent  conduc¬ 
tive  film  and  the  high  density  recording  medium 
etc..  The  various  properties  for  such  materials  are 
required.  In  particular,  the  adhesion  of  the  metal 
thin  films  on  polymers  is  an  one  of  the  most  im¬ 
portant  factor  in  the  field  of  all!  11.  However  6uch 
adhesion  strength  of  the  materials  prepared  by 
the  vacuum  deposition  is  not  enough.  It  wa6 
proved  for  us  that  the  pretreatment  of  the  sur¬ 
face  of  polymer  films  or  the  using  by  the  metal 
vapor  with  high  energy,  for  example  ion-plating  or 
sputtering,  were  improved  with  the  adhesion 
strength  of  the  deposited  thin  films  on 
polymers[2J. 

In  this  study,  polyimide  films  have  a  ther¬ 
mal  high  resistance  and  an  essential  mechanical 
properties  were  pre-treated  by  0?  plasma  in  order 
to  improve  the  adhesion  strength  of  the  deposited 
metal  thin  films  on  polyimide. 

EXPERIMENTAL 

Polyimide  film  is  poly(N-(oxy- 1 ,4pheriylcne)- 
N’~(l,4phenylene)pyromellitimide)  (Kapton)  produced 
by  Du  pont  Co. LTD.,  its  thickness  is  10m  m. 
Vacuum  deposition  is  possible  to  carry  out  in-situ 
followed  0*  plasma  treatment.  Plasma  treatment  was 
applied  R.F.  electric  field  of  13.56MHz,  and  vacuum 
deposition  was  carried  out  by  the  electric  gun. 
The  adhesion  strength  was  measured  by  the  90* 
peeling  tent.  The  characteristics  of  polyimide  sur¬ 
face  was  evaluated  by  the  contact  angle  and  the 
ESCA  spectra  etc.. 


RESULT  AND  DISCUSSION 

The  adhesivity  of  deposited  metal  thin  film 
on  polyimide  was  improved  upon  the  increasing  in 
the  time  and  R.F.  power  of  plasma  treatment  on 
the  polyimide  surface.  The  functional  groups  on 
polyimide  Burface  were  analyzed  quantitatively  by 
ESCA  spectra,  so  as  to  evaluate  the  chemical  na¬ 
ture  of  surface  by  treatment  of  0*  plasma.  Figure 
8 how s  the  relationship  between  the  C/0  ratio  of 
atomic  concentration  calculated  by  ESCA  spectra 
and  the  peel  strength  at  metal/polyimide  interface. 
Consequently,  it  was  proved  that  the  adhesion 
strength  of  the  deposited  thin  films  on 

polyimide  was  greatly  dependent  upon  the  amount 
of  the  functional  groups  on  polyimide  surface. 
Furthermore  the  accerating  voltage  and  the  R.F. 
power  at  ion-plating  significantly  affected  the 
adhesion  strength  similarly  to  the  case  of  the  sur¬ 
face  pretreatment. 
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As  already  has  been  stated  by  Mittal^),  no  engine¬ 
ering  test  is  able  to  measure  the  basic  adhesion, 
i.e.  the  interfacial  bond  strength.  However,  a  rather 
large  number  of  tests  have  been  proposed  to  charac¬ 
terize  the  practical  adhesion  of  thin  films. 

The  objective  of  this  paper  is  to  discuss  the  mecha¬ 
nical  methods  enabling  to  give  quantitative  data  for 
adhesion (l-**4)  with  a  special  emphasis  on  the  scratch 
testing  technique^). 

There  are  essentially  two  types  of  tests  which  are 
distinguished  by  the  kind  of  stresses  generated  in 
the  interfacial  region,  namely,  tensile  and  shear 
tests.  Direct  tensile,  electromagnetic  tensile, 
acceleration  and  shock  wave  tests  belong  to  the  ten¬ 
sile  test  group,  whereas  adhesive  tape,  direct  shear, 
peel  and  scratch  tests  belong  to  the  shear  test 
group. 

The  choice  of  the  test  for  measuring  practical  ad¬ 
hesion  should  be  based  upon  the  type  of  stresses  the 
test  specimen  is  going  to  encounter  in  practice^). 
Nevertheless,  it  has  been  shown O)  that  most  of  those 
methods  are  limited  either  to  poor  adherent  films, 
namely  the  adhesion  is  lower  than  the  bulk  resistance 
of  the  bonding  agent  (glue  or  solder  in  the  pull -off 
test  for  instance),  or  to  thick  coatings,  since  the 
maximum  tensile  stress  generated  in  the  interfacial 
region  is  proportional  to  the  mass  of  the  coating. 
Furthermore,  methods  requiring  large  accelerations 
or  shock  waves  are  generally  difficult  to  perform 
and  are  costly. 

Among  all  these  tests,  the  only  practical  one  capable 
to  assess  the  adhesion  of  thin  and  wel 1 -adherent 
films  is  the  scratch  test. 

In  this  particular  test,  proposed  by  Heavens(^)  and 
Chen  extensively  used  by  Weaver  and  ^oworkers^*^, 
a  stepwise  m  or  continuously  loaded ( 10)  spherical 
scratching  point  is  drawn  across  the  coated  sample. 

The  scratching  point  produces  an  increasing  elasto- 
plastic  deformation  of  the  film-substrate  system 
until  a  damage  occurs  in  the  surface  region  which  can 
be  adhesive  or  cohesive  in  nature.  The  minimum  load 
at  which  an  adhesive  failure  occurs  is  called  the 
critical  load  (Lc)  and  is  representative  of  the  coa¬ 
ting  adhesion. 

Besides  adhesion  the  critical  load  depends  on  several 
parameters  whose  each  individual  dependence  has  to 
be  known  in  order  to  determine  the  adhesion. 

In  a  recent  study(j),  the  Instrument  related  intrin¬ 
sic  parameters  as  well  as  the  tested  sample  related 
extrinsic  parameters  have  been  considered  in  order  to 
improve  the  interpretation  of  the  critical  load  as  it 
relates  to  adhesion.  This  experimental  work  has  been 
very  recently  supported  by  a  new  model  developed  hv 
Burnett  and  Rickerby '1 D , wh lch  describes  the  behavior 
of  hard  coatings.  This  model  is  based  on  an  energy 
balance  approach  where  the  energy  required  to  create 
two  new  surfaces  by  debonding  (I.c)  is  equal  to  the 
stored  elastic  energy  in  the  film.  This  later  energy 
is  described  as  the  sum  of  three  energy  contributions, 
namely,  indentation,  internal  stress  and  friction. 


The  applicability  of  the  scratch  test  to  metallized 
plastics  is  not  very  well  established  although  some 
authors^ 1 ^ , I  3 )  have  demonstrated  that  it  is  a  va¬ 
luable  tool  for  quantitatively  comparing  the  adhesion 
of  metal  films  on  polymeric  substrates. 

Lately,  using  a  tensile  test,  Van  de  LeestUM  Sms 
shown  that  acoustic  emission  is  generated  in  the 
interface  of  metallized  plastics  prior  to  debonding, 
and  has  used  this  technique  to  compare  qualitatively 
the  adhesion  strengths  of  thin  metal  films  on  poly¬ 
mers.  This  is  of  particular  interest  since  the 
commercially  available  scratch-testers  are  equipped 
with  an  acoustic  emission  sensor. 
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ing  point  of  crack  formation  and  dclaminalion.  In  a  trilayer 
structure,  cracks  typically  start  in  the  brittle  interface  layer 
and  propagate  through  the  whole  coating  due  to  stress  con¬ 
centration.  The  influence  of  the  interfacial  layer  thickness 
is  discussed. 


Metalized  polyimide  structures  are  widely  used  in  microe¬ 
lectronic  packaging  and  on  the  chip  level  because  of  the 
unique  properties  of  polyimide  such  as  low  dielectric  con¬ 
stant,  high  thermal  stability,  low  processing  temperature, 
and  planarized  capability.  Adhesion  is  one  of  the  major 
concerns  since  residual  stresses  generated  due  to  thermal 
expansion  mismatch  during  fabrication  can  introduce  large 
deformations,  which  can  lead  to  delamination  failure  at  the 
metal/polyimide  interface. 

Several  experimental  methods  have  been  developed  to 
measure  the  adhesion  energy  of  these  films  on  ductile 
substrates  which  is  defined  as  the  minimum  energy  per  unit 
area  required  to  separate  two  surfaces.  The  standard  tests 
such  as  the  peel  and  blister  tests,  arc  designed  for  measuring 
adhesion  strength,  but  yield  results  strongly  dependent  on 
the  deformation  behavior  of  the  film  and  the  substrate.  To 
predict  the  actual  performance  of  a  film/subslrate  struc¬ 
ture,  it  is  important  to  know  not  only  the  adhesion  energy, 
but  also  the  fracture  mode  and  the  deformation  character¬ 
istics  of  the  film/subslrate  structure.  A  stretch- 
deformation  method  has  been  developed  by  us  to  investigate 
such  deformation  behaviors  in  addition  to  measure  the  ad¬ 
hesion  energy  of  metal/ polymer  structures.  This  method  is 
based  on  measuring  the  stress  vs.  strain  dependence  in  com¬ 
bination  with  in-situ  optical  microscopy  as  well  as  SEM  and 
TEM  observations. 

In  this  paper,  results  from  the  stretch-deformation  method 
will  be  reported  on  metal/polyimide  bilaycr  and  trilaycr 
structures  containing  Cu  and  Cu/Cr.  Upon  straining,  we 
exhibit  an  extended  plastic  range  beyond  the  yield  point, 
where  twinning  and  slip  were  observed.  At  a  critical 
elongation  which  depends  on  the  film  thickness,  crack  for¬ 
mation  starts.  Defects  in  the  polyimide,  such  as  small  bub¬ 
bles  originating  from  the  curing  process  seem  to  play  an 
important  role  in  the  initiation  of  the  cracks  in  the  metal. 
Due  to  the  much  higheT  modulus  of  the  coating,  substantial 
stress  concentration  occurs  at  the  cracks.  As  a  consequence, 
delamination  always  starts  at  cracks  and,  depending  on  the 
thickness  ratio  of  metal  and  polyimide,  preferential  strain¬ 
ing  of  the  latter  can  be  observed. 

In  these  tests,  after  the  complete  dclamination  of  the  metal 
films,  the  difference  in  the  load  vs.  elongation  curves  of  the 
multilayer  and  the  pure  polyimide  can  be  used  to  determine 
directly  the  adhesion  energy.  The  basis  of  this  analysis  will 
be  discussed.  Finite  element  analysis  taking  into  account 
plastic  deformation  reveals  the  stress  distribution  in  the 
sample.  Especially  a  strong  increase  in  the  shear  stress  at 
cracks  is  found  elucidating  the  experimental  findings.  An 
intcrfacial  layer  of  a  well  adhering  brittle  material  like  Cr 
substantially  influences  the  build-up  of  stress  and  the  start- 
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Adhesion  testing  of  metallized  non-plastic 
surfaces  has  evolved  to  yield  at  least 
relative  or  near-quantitative  data  for 
virtually  any  coating  or  substrate  using 
simple  test  methods. 

In  the  case  of  metallized  plastics,  espec¬ 
ially  those  of  thermo-plastic  character  and 
for  thin  sheet  plastics,  there  are  factors 
which  lead  to  a  sense  of  uncertainty,  even 
when  measured  values  are  within  narrow 
limits  of  each  other. 

As  an  example,  various  measurement  methods 
show  extreme  sensitivity  to  rate  of  load 
application,  high  susceptibility  to  residual 
coating  stress  and  even  minute  variations  in 
direction  of  load  application.  The  intrin¬ 
sic  characteristics  of  certain  specific 
plastics  such  as  short-term  creep,  effects 
of  surface  anomalies  and  anisotropic  strain 
require  special  attention. 

Yielding  of  any  segment  of  the  test  bond 
interface  results  in  asymmetrical  load 
distribution  manifesting  unit  load  intensi¬ 
fication  wherever  yielding  is  minimal. 

Models  are  proposed  for  flow  induced  strain- 
dynamics  and  consequential  stress  redistri¬ 
bution  effects  in  adherence  testing  by  z- 
axis  tensile,  shear,  tipple-tear,  lap-shear, 
sheet  substrate  stretch  and  two  forms  of 
ninety  degree  peel  tests. 

Finally,  a  for  cross-correlation 

between  two  or  more  tests  may  offer  promise 
of  enhanced  reliability  of  adherence  testing 
in  at  least  some  of  the  myriad  forms  of 
metallized  plastics. 
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The  paper  explains  the  properties  of 

-SC A  and  SIMS  during  studies. 

Experiment  result  shows  that  for  me¬ 
tal  evaporation  film,  the  adsorption  me¬ 
chanism  is  dominant,  but  sometimes  me¬ 
chanical  and  diffusion  mechanism  v;ili 
also  be  important;  for  hollow  cathode  ion 
plated  film,  the  diffusion  is  sometimes 
trio  dominant,  but  sometimes  the  otner  two 
v.ili  also  be  important. 

A  comparison  of  the  interface  width 
produced  in  ion-platea  aria  evaporated  triia 
film,  has  shown  th.rt  the  interface  width 
in  a  metal  fix  ...-subs  Irate  system  is  in¬ 
dention  t  on  the  method  of  deposition. 

These  results  arc  used  to  explain  tne 
a  she  si  or.  properties  of  ion- mated  arid  eva¬ 
poration  film.  A  graced  interface  produced 
between  metal  and  substrate  is  due  to 
atomic  mixing  and  diffusion,  ion  i... plan¬ 
tation  and  ion  imduceu  diffusion.  Conclu¬ 
sion  i'  that  mata*  film  a one cion  is  main¬ 
ly  determine,  by  substrate  surface  and  in¬ 
terface  properties,  wnich  is  dependent  on 
surface  pro treatment . 

In  microelectronic  areas  the*  fail¬ 
ures  are  duo  to  electrochemical  corrosion. 


Tne  cox*rosion  rate-  uepc-ndent  on  ion  con¬ 
centration,  eLectron  state,  hi^ii  temper.'  - 
LUX'  .  bias  uric.  a:.plieo  bias  VuiLr.dt-. 
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A  planarized  device  isolation  process  has  been 
developed  by  using  a  deep-tre;,ch  isolation  technology  com¬ 
bined  with  a  local  oxidation  of  silicon  (LOCOS)  process  for 
self-aligned  double-polysilicon  bipolar  integrated  circuits.  To 
obtain  a  desirable  trench  etch  profile  and  a  uniform  polysili¬ 
con  etchback  process,  the  reactive  ion  etch  processes  have 
been  optimized  in  terms  of  gas  ratio,  pressure,  and  power 
density.  As  a  result  of  a  deep-trench  isolation,  the  collector- 
substrate  capacitance  was  minimized  at  9.0  fF,  while  main¬ 
taining  a  trar.sistor-to-transistor  isolation  voltage  of  25  volts. 
A  cut-off  frequency  of  15.5  GHz  and  a  4-bit  A/D  converter 
with  a  sampling  rate  of  1 .5  GS/s  were  demonstrated. 

An  isolation  structure,  as  shown  in  Fig.  1  (a),  combining 
silicon  deep-trench  technology  and  LOCOS  was  used  for 
device  isolation  in  an  advanced  double-polysilicon  bipolar 
process.  Trenches  were  etched  into  a  p-type  silicon  sub¬ 
strate  through  an  n-type  epitaxial  and  an  n*  buried  layer 
using  an  oxide  film  as  an  etch  mask.  Following  this  deep- 
trench  etch,  boron  ions  were  implanted  into  the  trenches 
using  the  same  oxide  film  as  a  mask.  A  p-type  layer  was 
formed  at  the  bottom  of  the  deep-trench  by  this  implant.  The 
masking  oxide  was  then  stripped,  and  the  trench  surface  was 
thermally  oxidized.  The  trenches  were  refilled  by  a  polysili¬ 
con  film.  The  polysilicon  film  was  etched  back  using  an  RIE 
process.  A  surface  oxide  film  was  left  after  this  polysilicon 
etchback  process.  This  oxide  film  was  stripped  and  a  stress 
relief  oxide  film  was  grown.  Device  islands  were  then 
defined  in  a  silicon  nitride  film  deposited  on  top  of  the  oxide 
film.  A  thick  thermal  oxide  was  then  grown  on  top  of  the 
trenches  as  well  as  on  the  rest  of  the  field  areas. 

In  this  process,  any  overetch  during  the  polysilicon  etch¬ 
back  removed  the  polysilicon  film  inside  the  refilled  trenches. 
This  exposed  the  vertical  walls  along  the  upper  edges  of  the 
trenches  after  the  surface  oxide  was  stripped.  During  the 
subsequent  device  island  patterning,  an  anisotropic  nitride 
etch  left  residual  nitride  along  these  walls.  This  nitride  resi¬ 
due  prevented  lateral  oxidation  of  the  trench  sidewall  and 
resulted  in  a  narrow  depression  in  the  field  oxide  on  top  of 
the  trenches.  This  depression  was  filled  with  a  conducting 
pniysilicon  film  during  the  subsequent  steps  of  the  self- 
aligned  double-polysilicon  bipolar  process.  This  conducting 
polysilicon  film  was  continuous  along  the  trench,  and  there¬ 
fore  shorled  the  emitter  and  collector  of  bipolar  transistors 
which  had  emitter  and  collector  electrodes  overlaying  the 
trenches. 

A  new  process,  as  shown  in  Fig. 1(b),  eliminated  this 
problem  by  incorporating  the  LOCOS  mask,  i.e.  a  thin  ther¬ 
mal  oxide  and  a  nitride  film,  as  part  of  the  mask  during  the 
trench  etch.  The  thermal  oxide  film  was  grown  and  the 
nitride  film  was  deposited  immediately  before  depositing  an 
LPCVD  oxide  film  used  as  a  trench  etch  mask.  Trenches 


were  etched,  refilled  and  etched  back  as  previously 
described,  now  using  the  nitride  film  as  an  etch  stop  during 
the  polysilicon  etchback  process.  An  oxidation  for  the 
trench  polysilicon  was  then  performed  immediately  following 
the  etchback  process.  This  oxidation  smoothed  the  seam 
along  the  center  of  the  trench,  and  raised  the  trench  surface 
to  be  even  with  or  above  the  wafer  surface.  After  this  oxida¬ 
tion,  device  islands  were  defined  and  a  field  oxide  was  ther¬ 
mally  grown  as  previously  described.  Since  the  trench  sur¬ 
face  was  even  with  or  above  the  wafer  surface,  the  device 
island  patterning  left  no  vertical  sidewalls.  The  field  oxide 
grown  on  top  of  the  trench,  therefore,  was  smooth.  The  field 
oxide  depression  and  the  resultant  collector-emitter  shorts 
were  completely  eliminated. 

Optimization  of  the  reactive  ion  etching  parameters  was 
necessary  to  achieve  this  structure.  Fig.  2  showed  the 
deep-trench  profile.  The  silicon  deep-trench  was  etched  in  a 
parallel  plate  batch  reactor,  using  SiCI4,  Cl2  and  He  in  a  1  :  1 
;  2  ratio.  Process  pressure  was  0.1  Torr  and  power  density 
was  0.6  W/cm2.  Electrodes  were  covered  with  a  polymeric 
material  to  prevent  metal  sputtering  and  contamination  dur¬ 
ing  the  etch,  and  also  to  provide  sidewall  passivation  and 
prevent  undercutting  when  etching  through  an  n+  buried 
layer.  Silicon  etch  rate  was  200  nm/min  with  a  selectivity  of 
7  :  1  to  the  LPCVD  oxide.  The  polysilicon  etchback  process 
was  optimized  for  uniformity  and  smoothness  of  the  etched 
polysilicon  film.  Two  different  chemistries  were  investigated. 
Chlorine  chemistry  consistently  resulted  in  severe  texturing 
of  the  trench  polysilicon  and  the  LOCOS  nitride  layer.  This 
texturing  could  be  reduced  by  increasing  pressure  and  by 
reducing  power,  but  was  never  eliminated  entirely.  However, 
a  combination  of  CF3Br  and  SFs  was  found  to  produce  an 
extremely  smooth  surface.  The  optimized  process,  i.e 
CF3Br  and  SF^  in  a  2  :  1  ratio,  65  mTorr  and  a  power  density 
of  6.0  W/cm2,  resulted  in  a  very  uniform  etch  and  an 
extremely  smooth  surface,  as  shown  in  Fig.  3,  so  that  almost 
no  overetch  was  needed. 

This  planarized  process  has  been  applied  to  fabrication 
of  self-aligned-double  polysilicon  bipolar  transistors 
Transistor-to-transistor  isolation  voltages  were  characterized 
at  various  implant  doses.  At  a  dose  of  1.4  x  1013  cm'2,  the 
isolation  voltages  of  25  volts  and  30  volts  were  achieved 
using  one  trench  and  two  trenches,  respectively.  These 
trenches  are  4  microns  deep  and  1.5  microns  wide.  The 
collector-substrate  capacitance  was  minimized  at  9.0  fF  tor  a 
bipolar  transistor  with  an  area  of  7  x  1 1  pm2  while  maintain¬ 
ing  the  transistor-to-transistor  isolation  voltage  of  25  volts.  A 
transistor  cut-off  frequency  of  15.5  GHz  and  a  4-bit  A/D  con¬ 
verter  with  a  sampling  rate  of  1 .5  GS/s  have  been  demon¬ 
strated. 


Fig.  2  Silicon  deep-trench  profile 


Silicon  deep-trench  surface  after  poly-si 
etchback 
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Introduction: 

The  continuation  of  device  dimension  scaling  and  higher 
levels  of  integration  require  close  examination  of  all  aspects  of 
device  structures.  One  of  the  serious  limiting  factors  for 
improved  device  density  is  the  isolation  structure. 
Conventional  isolation  technology  using  local  oxidation  of 
silicon,  or  LOCOS,  wastes  approximately  1  um  space  for  the 
thin-to-thick  oxide  transition  region  known  as  bird’s-beak 
encroachment.  This  is  not  acceptable  for  submicron  devices. 
Therefore,  new  isolation  technology  has  been  an  active 
research  area  for  VLSI  fabrication  technology. 

A  variety  of  proceses  have  been  proposed  to  reduce  the 
bird’s-beak  encroachment  of  LOCOS  isolation,  such  as 
recessed  LOCOS,  SILO  and  SWAMI,  etc.  The  improved 
LOCOS  process,  however,  only  compacts  the  bird’s  beak,  but 
does  not  eliminate  it.  Furthermore,  in  LOCOS-isolated  CMOS 
technologies,  lateral  isolation  of  n  and  p  wells  depends  as  much 
on  junction  isolation  as  on  the  LOCOS  structure.  Bird’s-beak 
free  isolation  can  best  be  achieved  by  isolation  structures  that 
are  not  modifications  of  LOCOS,  such  as  trench  isolation  and 
selective  epitaxial  growth  (SEG).  Trench  isloation  has  been 
intensively  studied.  Its  use  is,  however,  very  limited  due  to  its 
process  complexity.  In  comparison  to  trench  isolation  the  SEG 
isolation  process  is  considerably  simpler.  It  can  be  used  to 
laterally  isolate  n  and  p  wells  as  well  as  single  devices.  Since 
the  SEG  process  is  completely  bird’s  beak  free,  the  minimum 
isolation  for  the  CMOS  process  will  be  limited  only  by 
lithographic  capabilities. 

In  the  present  study  active  the  device  pattern  is  first 
etched  in  the  thick  oxide  layer  by  RIF  This  anisotropic  etch 
can  readily  define  isolation  structures  of  submicron  dimension 
and  with  verticle  sidewalls.  The  oxide  removed  in  this  step  is 
replaced  with  device-quality  silicon  by  selective  epitaxial 
growth.  The  SEG  thickness  is  chosen  to  achieve  a  planar 
surface.  The  SEG  growth  was  carried  out  using  SiH2Cl2,  HC1, 
and  H2  in  a  commercially  available  reduced  pressure  epitaxial 
reactor.  The  growth  parameters  are  investigated  in  terms  of 
temperature,  pressure  and  flow  rates. 


Facet  formation  was  found  to  be  dependent  on  pattern 
geometry  as  well  as  the  deposition  temperature  and  pressure. 
At  lower  deposition  temperatures  (875  C)  facet  depth  can  be 
80%  of  the  SEG  thickness  at  certain  comers  of  <100> 
oriented  patterns.  These  facets  form  on  <  1 11  > 
crystallographic  planes.  At  higher  deposition  temperatures 
(950  C)  shallower  and  less  steep  facets  on  <31 1  > 
crystallographic  planes  are  formed.  The  overall  surface 
topography  of  the  SEG  grown  at  950  C  is  therefore  better  than 
that  grown  at  875  G  The  material  quality  of  the  SEG  is 
studied  by  defect  decoration  and  junction  diode  leakage 
current.  Higher  quality  material  is  obtained  at  lower  growth 
temperatures.  This  is  opposite  to  the  deposition  condition  for 
minimizing  facet  formation. 

Polysilicon  gate  CMOS  devices  are  successfully  fabricated 
in  SEG  material  using  an  ion-implanted  retrograde-well 
process.  The  device  characteristics  and  latch-up  susceptibility 
have  been  determined  and  compared  to  devices  fabricated  with 
the  standard  LOCOS  process.  The  SEG  devices  have  the  same 
mobility  as  the  bulk  LOCOS  devices,  but  with  better  isolatior 
characteristics  and  latch-up  immunity.  The  subthreshold 
characteristics  and  reverse  leakage  current  of  the  SEG  devices 
are  not  as  good  as  the  LOCOS  devices.  These  differences  will 
be  explained.  The  advantages  of  planarizing  the  SEG  surface 
for  device  fabrication  will  also  be  discussed. 
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INTRODUCTION 

By  eliminating  the  bird's-beak  seen  with  local 
oxidation  of  silicon  (.LOCOS)  isolation,  oxide  filled 
t reach  isolation  offers  scalability  leverage  of  high 
density,  high  performance  VLSI  into  the  submicron  re¬ 
gime.  However,  there  are  fundamental  concerns  which 
must  be  addressed  with  t/onch  technology.  One  concern 
is  the  existence  of  a  parasitic  device  at  the  trench 
edges  of  an  active  n-channel  device.  This  parasitic 
device  has  been  seen  to  turn  on  at  voltages  lower  than 
the  main  channel  due  to  electric  field  enhancement  at 
the  t ronch/act ive  device  corner,  resulting  in  a  "hump" 
in  the  channel  current  vs  gate  voltage  curves.  Thus, 
the  parasitic  device  increases  the  subthreshold 
leakage  current  of  the  active  device.  Several  studies 
of  this  parasitic  effect  (Ref.  1-3)  have  been  re¬ 
ported,  but  most  investigate  only  long  channel  device 
behavior  with  emphasis  on  suppression  of  the  parasitic 
device  or  "hump  by  doping  the  trench  side  walls. 
Thinning  of  the*,  gate  oxide  at  the  trench  edge  is  an¬ 
other  concern.  Thinned  gate  oxide  not  only  degrades 
gate  oxide  reliability  but  also  worsens  the  parasitic 
device  problem. 

In  this  study,  two-dimensional  process  simulation  tnd 
a  three-dimensional  device  simulation  have  been  used 
to  investigate  in  depth  the  nature  of  the  parasitic 
device,  particularly  its  short  channel  character¬ 
istics.  Subthreshold  leakage  current  of  an  active 
device  lias  been  analyzed  as  a  function  of  device 
lengths.  Simulation  results  have  been  compared  with 
<•  xpe  r  i  men t  a  1  data. 

PROCESS  SIMULATION 

Two-dimensional  geometry  and  doping  distributions  were 
simulated  with  the  finite  element  diffusion  simulation 
system  (FEDSS)  (R»*f.  4).  The  result  of  a  represen¬ 
tative  simulation  is  shown  in  Fig.  1.  Trench  side  wall 
doping  was  not  used  in  this  case.  It  is  noteworthy 
that  gate  tailor  boron  is  depleted  into  the  trench  and 
gate  oxides  during  gate  oxidation.  This  boron  de¬ 
piction  at  the  trench  corner  lowers  the  threshold 
voltage  of  the  parasitic  device.  Gate  oxide  thinning 
and  sharpened  corner  geometry  at  the  trench  edge  are 
also  s**en  in  Fig.  1.  Both  thinned  gate  oxide  and  sharp 
torner  geometry  increase  the  electric  field  strength 
at  the  trench  corner,  also  lowering  the  threshold 
voltage  of  the  parasitic  device. 

DEVI  PE  SI’ ILLATION 

E  1  «•<  t  r  i  (..'i :  char  a  teiistii.s  of  devites  bounded  by  iso¬ 
lation  t  r  e  i ; ' .  h  e  s  been  simulated  in  three  dimen- 

ifns  by  the  {jtiiio  element  device  analysis  program 
iFi'il.DAY)  'Kef.  *> :  ,  :sii,g  KEI)f-c  s  r.ulatcd  doping  pro¬ 
files  whuh  :  T. .  lu  le  bo;  on  seg  re,  ion  effects.  A  ‘<0 
degree  corner  .j:;j*le  Las  been  assumed.  In  Fig.  J, 
norm  ill/*  d  d-vi-e  ■  •irrent  pet  cm  width  is  plotti-l 
agisnst  giti  \  >  I  *  *!»,**  fi»r  Vi!  ions  device  widths  at  1 
roti  c(i  ir.ii'- 1  length  For  very  large  width  i  ml  i  - 
Wide  Tl  T  h1*  C  ' b  ■  1  s  )  ,  JiO  !  imps  *•  \  1  s  t  .  HoWeVer, 
.)  I.'iisp  it  p < ■  i !' >  it  : ■  .1 1  :  )U(*r  widlfi,  growing  more  promi- 
•n’l.t  with  le  ii-i-.itig  width.  I’oi  d.  -i  ns  ..iri"ui*r  than 
jppi  ox  irt  u  e  I  y  1  mi  ron,  i  he  !.u  r'.i'i  .sts  is  omi- 
;  !  r  1 1*  1  y  don:.:.  ite<l  by  tin*  '».r:;*-r  par is  i  t  i  Figute  1 
■.!  •  iw-»  ••  1 1  -  t  r  o!i  -  utii  ejit :  it  i  •  !U  <  mit  ,  .it  -  I  ;  glit  !  y  be  - 
i  w  !*••  i:e  t  hr  •■•.ho  Id  The  ir.  iximum  r  it  ;  on  is 

I  ,.g  .II  t  he  :  f.er 


Tlie  hump  becomes  more  prominent  with  increasing  source 
to  substrate  voltage  because  the  parasitic  device  has 
a  lower  substrate  sensitivity  than  the  mid-portion  of 
the  device.  This  is  a  consequence  of  field  lines 
fringing  into  the  trench  oxide. 

The  sensitivity  of  the  hump  to  drain  to  source  voltage 
and  to  channel  length  is  demonstrated  with  the  modeled 
characteristics  of  Figs.  4  aid  5,  respectively.  Mod¬ 
eling  shows  that  the  short  channel  effects  (both 
threshold  sensitivity  to  drain  to  source  voltage,  and 
to  channel  length)  of  the  parasitic  device  are  smaller 
than  those  of  the  main  device.  Figure  6  and  Fig.  7, 
confirm  these  results  experimentally.  It  has  also 
been  demonstrated  that  the  current  distribution  asso¬ 
ciated  with  the  corner  parasitic  is  independent  of 
overall  device  width,  down  to  the  narrowest  width 
studied  (0.48  urn) .  From  this  property  it  has  been 
shown  that  the  leakage  current  per  unit  width  at  zero 
gate  to  source  voltage  is  proportional  to  the  recip¬ 
rocal  of  the  device  width.  In  Fig.  8,  simulated  sub¬ 
threshold  leakage  current  of  an  active  device  is 
plotted  as  a  function  of  device  width  for  different 
device  lengths.  From  the  slope  of  the  curve,  leakage 
current  due  to  the  parasitic  device  can  be  calculated. 

SUMMARY  AND  CONCLUSIONS 

2-D  process  and  3-D  device  modeling  have  been  used  for 
studying  the  electrical  characteristics  of  n-channel 
oxide  filled  trench  isolated  devices.  The  modeling 
has  focused  on  the  influence  that  the  corner  parasitic 
device  has  on  the  transfer  characteristic  of  the  total 
device.  Earlier  work  based  on  2-D  modeling  (assumed 
infinite  channel  length)  led  to  a  conclusion  that  ex¬ 
tra  boron  doping  is  required  at  the  corner  to  suppress 
the  parasitic  current.  However,  the  3-D  modeling  work 
discussed  in  this  paper  shows  that  the  short  channel 
roll-off  of  the  parasitic  device  is  less  severe  than 
for  the.  main  part  of  the  device.  This  result  has  also 
been  confirmed  experimentally.  Therefore,  at  short 
channels  the  threshold  voltage  difference  between  the 
parasitic  device  and  the  main  device  is  reduced,  re¬ 
laxing  the  requirement  for  extra  boron  doping  for 
leakage  current  control. 
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Figure  t.  Process  model  of  boron  doping  and  gate  oxide  Figure  5.  Sensitivity  of  hump  to  channel  length  (model) 

growth. 
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Figure  2.  Tum  on  sensitivity  to  channel  width 


(pm) 

Figure  3.  Log  of  electron  density  contours  transverse  to 
channel. 
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Figure  6.  Sensitivity  of  hump  to  drain  to  source  voltage 
(experimental) 
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Figure  7.  Sensitivity  of  hump  to  channel  length  (experimental) 


Figure  8.  Leakage  sensitivity  to  device  width 
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A  trench  is  etched  by  a  plasma  through 
a  hole  in  a  multilayered  st ructure (SiO,  and 
Si^N^)  covered  by  a  dQ  thick  SiO?  film 
(fig.il, The  depth  of  the  silicon  etched  is 
monitored  by  a  laser  signal  (A  =63  2 . 8nm) ; 

E  is  the  amplitude  of  the  electric  field, 

J  the  intensity  proport ionnal  to  l:  ,and  0 
the  phase. In  the  reflected  beam, three  beams 
interfer:  the  beam  reflected  on  Si°2^'o*^o^ 
the  beam  reflected  on  the  multilayer  film 
( E £■ , 0£-)  and  the  beam  reflected  on  the  bottom 
of  the  trench, at  a  depth  dy  (Iiy,0y).Let  SQ 
be  the  part  of  the  surface  covered  by  the 
oxide, (l-$  )  the  part  where  the  trench  is 
opened  and  Sy  the  flat  area  of  the  bottom 
•of  the  trench  (Sy  < 1 -SQ) .The  signal  is: 

J  -  Ilf  *  l^sT  ♦  Ovff]  S0| 2 

During  the  etch,dQ  is  reduced  and 
dy  increases .  The  signal  can  he  calculated 
with  respect  to  S  and  Sy, either  by  a 
computer  s imulat ion , or  by  measurements  on  an 
abacus . 

The  signal  is  studied  in  three  types  of 
patterns : 

1-  In  the  first  area.there  is  no  oxide  (SQ=0) 
When  the  bottom  of  the  trench  is  flat,Sy=1 
and  the  signal  is  constant .When  the  bottom  is 
rough, a  part  of  the  signal  is  not  reflected 
in  the  right  di rect  ion  ,and  the  intensity  is 
reduced. The  observation  of  this  reduction  is 
the  best  way  to  quantifie  this  roughness 
(black  silicon)  and  the  moment  of  the  plasma 
cycle  when  it  begins. 

2-  In  the  second  area  there  is  no  trench 

(SQ=1);tht*  signal  is  the  interference 

between  I  and  1  .-.Un  our  case  where  A0r.  , 

o  1  films 

is  I  . '  2  rad  (fig  1l,the  maximum  of  .1  is  for 
do  =  do(iiI  I ii-l.5  *  ni*r2l”.2  fnm)  Cm:  integer). 

Tin-'  •wgnal  monitors  the  etch  rate  of  Sif>,. 

*-  1  ‘n  a  part  i  a  l  1  v  opened  area  I  S^Mt .  8  )  ,  t  he 

fluctuates  pe  r  i  od  i  c  a  1  1  v  '  f  i  gurc  2),  due 
t  ■_  !  :.e  j  ;.t  «•  t  i Vj  ences  between  I  .  and  I  ♦! 

1  1  V 

-If  I  *  the  eti.li  rate  rat  in  between  Si  and 

"  i 1 '  ,  t  he  j  <  r  i «  2  i  -  X  '  t  *  r.  '  ?  \  /  _  .  j:  1  .  1  '■ "  ■  . 

It  IV  r.  1  !  .  I  =  .  ;  u  «•:.  ■  ?.i  t  at*-  ,  i-  t  r.. 


oxide  etch  rate  is  measured  on  the  2nc*  area. 
-The  maximum  of  the  envelops  of  the  curves 
corresponds  to  a  value  of  fand  gives  the 
knowledge  of  the  absolute  value  of  dQ  and  dy. 
The  information  is  available  at  the  beginning 
of  the  plasma  cycle  ( t  =  0 )  .giving  a  measurement 
of  the  initial  conditions 

-The  distance  between  the  envelops  is  propor- 
tionnal  to  Sy,and  measures  the  reduction  of  Sy 
during  the  cycle, either  in  the  case  of  rough¬ 
ness  of  the  bottom  (correlated  with  the  reduc¬ 
tion  of  J  in  the  first  area), or  when  facets 
exist  at  the  bottom  of  the  trench  (no  corre¬ 
lation  with  J  reduction  in  the  first  area). 


|Eti- o.i£Mt,i  ii>  r.«:ir,,  iff  e.5S7K,i 

♦f  '  A  triu.t  •  un  /S’2.3  i-I.uss; 
t,  -  »c-  «nr/f:?,p 

■figure  1:soction  of  the  trench .reflected  beams 
electric  f  ie  1  d  ,ampl  i  t  tides  and  phases 


static  0-V  technique.  The  result  of  these  additional  experiments  will  be 
presented. 

ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  S.  Ueland  and  his  staff  for  the  process¬ 
ing  ol  the  test  structures  used  in  the  experiments. 

REFERENCES 

1)  Y.  Tomaki,  S.  Isomae.  K.  Sagara  and  T.  Kure,  J.  Electrochem.  Soc., 
Vd.  125.  726(1988). 

2)  S.  Isomae.  J.  Appt.  Phys.,  Vol.  52.  No.  4.  2782  (1982). 

3)  S.  Mukherjee,  M.  Kim.  L.  Tsou,  and  M.  Simpson,  To  be  published. 


Fig  2.  Schematic  diagram  ot  dislocation  generations  at  the  trench 
comer  and  the  gliding  plane. 


Fig.  3.  SEM  photomicrograph  of  an  Ideal  trench  with  rounded  comer:  in- 
sltu  poly  Is  filled  In  after  a  thin  trench  oxidation. 


Fig  1  Schematic  cross-section  diagrams  for  three  different  types  of 
trenches:  A)  comer  deepening,  B)  right  angle  comer,  and  C)  rounded 


comer 
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I.  INTRODUCTION 

Trench  technology  is  getting  more  attention  for  VLSI  as  well  as  power  1C 
development.  Trenches  can  be  used  to  make  various  kinds  of  sKIcon 
device  structures  including  those  for  isolation,  storage  capacitor  of 
DRAM,  vertical  DMOS  (doubly  diffused  MOS-FET),  and  other  three 
dimensional  devices.  Since  the  trench  Is  etched  Into  silicon  substrate  to 
be  filled  with  an  other  material,  It  can  generate  potential  problems  unless 
a  special  process  Is  used  to  overcome  them.  There  have  been  many 
studies  on  trench  formation  and  the  follow-up  processes  In  conjunction 
with  the  applications  to  device  fabrication.  In  almost  all  cases,  a  thermal 
oxidation  Is  needed  to  maintain  the  Interface  Integrity.  The  stress  dis¬ 
tribution  and  the  defect  generation  scheme  however  are  unique  for  the 
trench  oxidation  since  It  Is  taking  place  In  a  confined  space.  Defect 
generation  associated  with  the  trench  oxidation  was  recently  evaluated 
for  thick  oxide  (1 ). 

The  purpose  of  this  study  is  to  Investigate  trench  oxidation  to  minimize 
defect  generation  In  order  to  reduce  defect  generation  during  trench 
oxidation,  It  Is  necessary  to  Improve  the  entire  trench  process.  The 
trench  comer  must  be  rounded  to  avoid  stress  concentration.  A  comer 
deepening  Is  particutarfy  detrimental.  Thin  oxkJe  Induces  less  stress  and 
can  make  a  good  Isolation  with  a  refill  poly,  as  long  as  the  thickness  is 
optimized  to  sustain  the  required  breakdown  voltage.  The  oxidation 
temperature  must  be  above  viscous  flow  temperature  so  that  the  stress 
from  oxide  volume  expansion  Is  relieved  within  the  oxide  Instead  of 
transmitting  to  the  silicon.  The  formation  mechanism  of  the  oxidation  in¬ 
duced  dislocation  will  be  discussed. 

Effect  of  cleaning  on  surface  states  density  Is  also  studied.  The  fast  and 
slow  states  are  measured  using  high  frequency  and  quasf-statfc  C-V 
measurements.  The  trench  surface  defects  can  further  be  removed  by  a 
sacrificing  oxidation.  The  method  of  poly  refill  Is  also  reviewed  for 
fabrication  of  a  active  device.  Using  the  trench  DMOS,  the  Interface 
characteristics  such  as  mobility,  leakage  current,  threshold  voltage,  etc 
are  also  evaluated. 

II.  EXPERIMENTAL  METHODS 

Silicon  wafers  used  In  this  study  were  n-type  silicon  of  (100)  orienlafion 
with  a  resistivity  range  of  0.5  and  1.2  ohm-cm.  A  pad  oxidation  of  500A 
was  thermally  grown  followed  by  a  1400A  nitride  deposition  using 
LPCVD.  A  trench  resist  pattern  was  made  with  Kodak  820  and  reactlvefy 
etched  to  a  depth  range  of  2.5  and  7.0  microns.  In  some  cases,  one 
micron  LTO  has  been  used  Instead  of  the  resist  mask.  Various  methods 
of  RIE  techniques  have  been  tried  to  control  the  trench  shape  Three  dlt- 
ferent  methods  were  used  to  dean  the  trench  surface:  standard  wet 
cleaning,  dry  cleaning  In  a  gas  phase  etch  and  wet  chemical  etch  in  the 
two  latter  cases,  a  tew  hundreds  Angstroms  of  silicon  were  removed  to 
reduce  any  residue  or  damage  caused  by  the  trench  RIE.  One  thousand 
Angstroms  of  sacrifice  oxide  was  grown  and  wet  etched  for  a  further 
reduction  of  the  surface  damage 

The  final  trench  oxide  was  grown  to  JOOOA  In  a  temperature  range  from 
750C  to  1100C  A  wet  oxidation  was  tried  at  the  lower  temperature 
range,  750C-1000C,  whereas  dry  TCA  oxidation  was  done  In  the  higher 
temperature  range.  950C1100C  The  trench  was  filled  with  In-sffu  poty 
doped  with  phosphorus  A  trench  of  1.2  micron  wide  could  easily  be 
filled  with  1  0  micron  thick  poly  without  creating  any  voids  The  charac 


(eristics  of  (ho  narrow  trench  can  represent  sidewall  quality.  For  the  bot¬ 
tom  surface  study,  a  wide  trench  In  square  form  was  formed  to  make 
poly-to-substrate  capacitors.  High  frequency  and  quasi-static  C-V 
measurements  were  done  to  And  the  slow  and  fast  states  densities 

When  trench  DMOS  was  made  the  p-body  was  diffused  first  before  the 
trench  etching.  The  refitted  poly  was  planarized,  followed  by  n+  source 
implantation.  The  trench  DMOS  allowed  us  to  measure  the  surface 
mobility,  leakage  current,  etc,  which  are  also  useful  criteria  to  define  the 
trench  quality.  Cross  section  analysis  was  done  with  SEM  and  chemical 
etching.  Secco  etch  was  applied  to  a  cleaved  surface  to  characterize 
dislocation  density  change  with  respect  to  oxidation  temperature  and  sur¬ 
face  treatment  before  oxidation. 

tli.  RESULTS  AND  DISCUSSION 

The  shape  of  trench  is  very  important  to  make  a  good  quality  oxide  and 
reduce  defects  In  the  silicon.  There  are  essentially  three  types  of  trench 
shapes  as  shown  in  Fig.  1 .  When  a  trench  Is  anlsotropicaify  etched,  a 
comer  deepening  similar  to  Fig.  1A  is  likely  to  be  obtained.  This  type  of 
pointed  comer  generates  the  worst  quality  oxide  with  formation  of  a  targe 
number  of  defects  due  to  a  wedge  stress  effect  caused  by  volume  ex¬ 
pansion  of  oxide.  A  better  control  of  reactive  gas  composition  can  im¬ 
prove  it  nearly  to  a  right  angle  of  the  type  B  tn  Fig.  1 .  This  of  cause  is 
better  than  type  A  but  can  also  create  a  large  number  of  defects  A  large 
volume  expansion  of  the  thermal  oxide  induces  compression  In  the  oxide 
and  lension  In  the  silicon.  The  stress  is  concentrated  at  the  end  of  a 
dielectric  pattern  (2)  In  a  planar  structure. 

Figure  2  shows  a  schematic  presentation  of  dislocation  generation  during 
the  oxidation.  The  stress  is  concentrated  at  the  comer  due  to  the  physi¬ 
cal  limitation  of  the  trench  sidewall.  This  will  generate  a  large  amount  of 
shear  stress  in  X  direction.  Since  trench  te  made  In  parallel  with  water 
flat,  the  stress  will  be  In  the  (1 10]  direction.  The  dislocation  gilding  plane 
(111)  passing  through  the  comer  O  is  schematically  presented  In  Fig.  2. 
When  stress  surpasses  the  yield  point,  dislocations  wtH  be  generated  on 
the  (1 1 1 )  plane  with  (101]  and  (01 1  ]  Burgers  vectors.  As  oxide  thickness 
Increases,  more  stress  will  be  generated  to  form  additional  dislocations 
to  be  glided  along  (111)  plane.  A  similar  stress  center  wifi  also  be 
created  at  the  top  edge  N  where  both  dielectrics  meet  at  a  right  angle.  In 
Hits  case  the  dislocations  are  gliding  downward  on  another  (til)  plane 
generating  dislocation  tangles  in  the  middle  of  the  silicon  steps.  Many 
dislocation  pits  were  observed  along  the  (1 1 1}  planes  after  a  ttiick  trench 
oxidation  (1).  The  dielectric  breakdown  measurements  shows  as  low  as 
30  V  lor  the  1 000A  oxide.  This  indicates  that  the  sharper  comers  also 
create  weak  spots  within  the  oxide.  Therefore,  comer  rounding  Is  very 
important  for  the  trench  etching. 

Figure  3  shows  an  ideal  trench  shape  with  rounded  comer.  Reproduc¬ 
tion  of  the  rounded  comer  is  not  a  easy  task.  It  requires  aprectee  control 
ol  the  gas  composition  and  etching  rate  In  several  stages.  A  thinner 
oxide  Is  preferred  because  of  less  stress  generation.  SI- ice  the  large 
stress  caused  by  the  oxide  volume  expansion  can  only  be  relieved  either 
by  defect  generation  or  viscous  flow,  a  high  temperature  oxidation, 
above  the  viscous  flow  temperature  1050C,  Is  desired  to  reduce  defect 
generation  The  rounded  comer  is  helpful  because  a  relatively  uniform 
viscous  flow  Is  expected.  The  structure  1$  Fig.  3  has  1000 A  thin  oxide 
with  fllled-ln  poly.  This  structure  Is  expected  to  be  relatively  tree  from 
defects  and  can  be  used  lor  Isolation  or  3D  device  fabrications. 

Trench  DMOS  was  made  using  the  structure  Ip  Fig.  3.  Ultra  low  on- 
resistance  (3)  could  be  achieved  with  the  high  density  DMOS  ot  12 
micron  trench  It  was  found  that  oft  slate  leakage  was  much  lower  with 
tl>e  high  temperature  gate  oxide,  which  could  be  linked  to  the  reduction 
of  defects  The  rounded  comer  device  showed  higher  dielectric  break¬ 
down  voltage  A  more  systematic  study  of  the  oxide  integrity  is  under 
way  to  establish  a  more  precise  Inter  relationship  of  the  oxide  quality  with 
fire  device  performance  parameters  The  measurement  ol  the  states 
densities  at  the  trenrh  oxide  Interface  are  also  progressing,  using  quasi- 
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INTRODUCTION 

As  device  technology  drives  towards 
double  and  triple  level  metal  with  shrinking 
pitch  sizes,  planarization  prior  to  metal¬ 
lization  is  becoming  increasingly  important. 
A  a  a  result,  the  requirements  for  the 
borophosphosilicate  glass  used  as  the  inter¬ 
level  dielectric  are  becoming  more  strin¬ 
gent.  These  glasses  need  to  deposit  confor¬ 
mally,  and  then  reflow  in  such  a  manner  to 
efficiently  refill  or  planarize  the  device 
surface  prior  to  metallization.  More  impor¬ 
tantly,  the  thermal  budget  of  the  deposition 
and  reflow  must  be  kept  to  a  minimum  in  order 
to  be  compatible  with  the  shallow  junction 
depths  needed  for  advanced  devices. 

State  of  the  art  BPSG  deposition  techniques 
employ  hydride  chemistries  of  silane,  oxygen 
(or  nitrous  oxide  for  plasma) ,  diborane,  and 
phosphine  to  deposit  BPSG.  These  films  are 
typically  deposited  at  -400°c,  then  reflowed 
at  higher  temperatures.  The  resulting  film 
topology  is  a  mounded  surface  with  roughly 
30°  angles  over  the  90°  steps  into  the  con¬ 
tacts. 

Am  device  geometries  shrink,  however,  the 
hydride  chemistries  do  not  provide  sufficient 
step  coverage  into  the  contacts.  As  a  result, 
organometallic  sources,  which  are  also  safer, 
have  been  substituted  for  these  hydrides.  *  3 
Seeker,  et  al.,  introduced  TEOS,  trimethyl- 
borate  (TMB) ,  and  phosphine  into  a  horizontal 
LPCVD  furnace  and  were  able  to  deposit 
uniform  BPSG  films.  When  they  attempted  to 
ume  trimethylphosphate  (TMPate)  in  place  of 
PH 3 ,  Becker  et  al.  observed  low  wt  %  P 
resulting  from  the  low  vapor  pressure  and 
reactivity  of  TMPate.  When  they  attempted  to 
use  trimethylphosphite  (TMPite) ,  they  ob¬ 
served  nonuniformities  and  depletion  due  to 
the  reactivity  of  the  TMPite.  More  recently, 
Becker  has  demonstrated  the  ability  of  the 
T10S,  TMB,  and  PH3  BPSG  films  to  achieve 
complete  refill  and  planarization  of  high 
aspect  ratio  trenches.  The  reflow  was  ac¬ 
complished  with  a  post  deposition  anneal. 

Recent  work  by  Levy,  et  al.,  has  demonstrated 
that  an  organometal lie-based  BPSG  process  can 
produce  conformal  films  for  small  wafer 
loads.  Although  conformal  deposition  was 
achieved,  a  subsequent  anneal  was  required  to 
reflow  the  films. 

In  this  paper  the  authors  demonstrate  that 
organometallic  sources  can  be  used  to  deposit 
s  TEOS  BPSG  film.  In  addition  to  depositing 
a  conformal  BPSG  film  we  will  demonstrate 
that  these  films  can  be  reflowed  in-situ  at 
temperatures  lower  than  those  currently  used 
for  BPSG  reflov,  thus  reducing  cycle  time  and 
thermal  budget. 


EXPERIMENTAL 

A  novel  LPCVD  reactor  was  used  to  deposit 
BPSG  on  4-6  inch  wafers.  TEOS,  TEB,  and  t- 
buty Iphosphine ,  supplied  by  American 
Cyanimide,  were  used  as  the  sources  for  the 
deposition  of  the  glass.  Temperature, 
pressure,  and  vapor  flow  rates  were  varied  in 
order  to  achieve  optimum  trench  fill  and 
planarization  characteristics.  Thickness  was 
determined  using  a  Nanometrics  Nanoline/AFT 
and  a  Rudolph  AutoEl  ellipsometer .  Dopant 
concentrations  were  determined  with  a  Digilab 
Biorad  FTIR  and  wet  chemical  techniques. 


RESULTS  AND  DISCUSSION 

BPSG  films  of  up  to  three  microns  thickness 
were  deposited  for  trench  refill  and 
planarization.  The  films  are  compressive; 
thus  no  cracking  of  the  films  was  observed. 
Dopant  concentrations  were  varied  from  0  wt% 
to  10  wt%  for  phosphorus  and  from  0  wt%  to  5 
wtt  for  boron.  The  conformality  of  these 
films  is  nearly  100%,  which  allows  for  com¬ 
plete  trench  or  contact  refill  without  the 
formation  of  voids. 

If  reflow  of  the  film  is  desired  the  reflow 
may  be  performed  insitu  at  temperatures  as 
low  800  degrees  C.  This  allows  for  a  very 
planar  surface.  The  ability  to  perform  the 
reflow  of  the  glass  in-situ  at  such  a  low 
temperature  not  only  reduces  the  total  ther¬ 
mal  budget,  but  eliminates  a  process  step, 
reducing  the  overall  cycle  time  of  the  BPSG 
deposition  and  reflow  sequence. 


CONCLUSION 

The  authors  have  demonstrated  that  conformal 
BPSG  films  can  be  deposited  from  organometal¬ 
lic  sources.  These  glasses  can  be  reflowed 
in-situ  to  yield  a  planar  surface  for  sub¬ 
sequent  metallization. 
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The  requirement  for  lower  temperature 
processing  in  VLSI  device  fabrication  and  the 
need  for  the  elimination  of  hazardous  gas 
sources  from  the  workplace  have  spurred 
extensive  investigations  into  new  chemical 
vapor  deposition  source  materials. 

Tetraethoxysilane,  TEOS,  has  been  used 
as  a  silicon  oxide  source  for  many  years  in 
the  temperature  range  of  650  to  750°C,  and 
the  resulting  conformal  coatings  have  been 
applied  for  trench  filling.  Lower  temperature 
oxide  depositions  will  be  needed  however  in 
the  presence  of  VLSI  silicide  layers. 

Plasma-  assisted  TEOS  processing  has 
been  attempted  in  the  temperature  range  of 
300  to  425°C  ID,  but  trench  filling  and 
doping  still  require  further  investigation. 
Low  temperature  silane  oxides  thermally 
deposited  at  (400  +  5Q)°C  have  poor 
conformality  (2).  In  addition,  silane  is 
quite  hazardous. 

Mono-alkyl  cyclic  siloxanes  have  been 
found  to  be  suitable  sources  for  silicon 
oxide  deposition  at  temperatures  below  those 
for  TEOS.  For  instance,  2 ,4 ,6 , 8-Tetramethyl- 
cyclotetrasiloxane ,  TMCTS ,  can  produce 
silicon  oxide  films  with  deposition  rates  a-d 
conformality  equal  to  those  from  TEOS,  but  at 
temperatures  100°C  lower. 

The  decomposition  of  TMCTS  is  dependent 
on  the  oxygen  to  TMCTS  ratio,  with  negligible 
deposition  occurring  in  the  absence  of 
oxygen,  as  indicated  in  Figure  1.  The 
volatile  reactive  species,  possibly  Si-O, 
appears  to  have  surface  migration  character¬ 
istics  comparable  with  those  of  TEOS  decom¬ 
position  products  as  evident  by  the  trench 
filling  shown  in  Figures  2a  and  2b.  The  TMCTS 
film  properties  are  indicated  in  Table  1. 

Alternate  alkyl  cyclos iloxanes  have  also 
been  investigated.  As  expected,  the 
introduction  of  other  alkyl  groups  results  in 
a  different  deposition  temperature  range. 

The  tetraethyl  homologue  of  TMCTS,  TECTS, 
appears  to  be  a  lower  temperature  source, 
with  practical  silicon  oxide  deposition  rates 
at  a  temperature  of  440°C. 

The  kinetic  data  presented  in  Figure  3 
shows,  clearly,  the  usable  temperature  range 
for  TEOS,  TMCTS  and  TECTS.  While  the  sources 
can  be  used  at  higher  temperatures,  the 
increased  reactivities  may  lead  to  nonuniform 
depositions  in  conventional  'stacked  wafer' 
LPCVD  reactors.  In  general,  however,  the 
cyclic  siloxanes  are  very  promising 
candidates  for  neat  and  doped  silicon  oxide 
depositions. 
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Table  1 

DEPOSITION  PROCESSES  AND  CONDITIONS  FOR  BPSG  FILM  FORMATION 

CVD  Reactor  Reactant  Reactants  Diluent  0,/Hflrid.  Temp.,  Pressure  Dep^  Rate 

Tvne  Tvoe  _ Types  _  _  inPl  miq  * - w-ua+u- 


AP 

planar  hydride 

rotary, 
conveyorized 
dispersion,  or 
injector 

SiHv  b2h6 
ph3,  o2 

LP 

vertical 

isothermal 

hydride 

SiH,,  B2H6, 
PH,,  G2 

hP 

tubular 

horizontal 

hydride 

-chloride 

SiH,,  BClj, 
PHj,  02 

LP 

modified 

tubular 

horizontal 

organic 

TEOS, 

(CH30)3  B, 
(CH,0)3  P  or 

ph3,  o2 

PF 

tubular 
horizontal , 
(planar 
radial) 

hydride 

si«v  B2H5, 
ph3,  o2,  82o 

N2 

40-60 

340-375 

760+ 

120 

40-60 

12-150 

340-375 

300-450 

120 

100-300 

none 

1.5 

400 

0.19 

20-25 

none 

1.5 

425  0. 

,18-0.40 

15-20 

kr' 

620-680 

0.5 

5-10 

none 

(H^0+0g) /Hy 

380 

0.83 

200- 500 

i  J4 
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Films  of  borophosphosilicato  glasses 
(BPSG)  have  been  successfully  used  for 
the  planarization  and  interconductor  in¬ 
sulation  of  VLST  silicon  circuits  be¬ 
cause  of  their  excellent  properties  and 
viscous  flovability  at  relatively  low 
temperatures.  several  CVD  processes 
have  been  developed  for  synthesising 
films  of  BPSG.  This  paper  reviews  the 
various  options  that  are  now  available 
to  the  process  engineer.  Details  are 
summarized  in  Table  1. 

The  original  process1'2  was  based  on  the 
CVD  reaction  at  atmospheric  pressure 
from  the  N,-diluted  hydrides  SiH4,  B2H6, 
and  PH,  with  02  at  430°C  using  conven¬ 
tional  rotary  and  conveyorized  reactors. 
Lowering  the  temperature  to  340-375  C 
and  increasing  the  02/hydride  ratio  from 
20:1  to  40:1-60:1  and  beyond  increases 
the  rate  of  film  formation  by  reducing 
the  particle  generation . An  advanced 
conveyorized  APCVD  reactor,  currently 
available,  features  a  slotted  gas  injec¬ 
tion  system  that  leads  to  improved 
uniformity  of  film  thickness,  with 
lowered  particle  densities. 

Hydride  based  low-pressure  CVD  in 
tubular  horizontal  reactors  prevents  the 
introduction  of  sufficient  B-Hg  because 
of  decomposition  in  the  hot  gas  dis¬ 
tribution  tube  inside  the  reactor.  The 
thermally  more  stable  BC13  can  be  sub¬ 
stituted'  but  leads  to  0.5%  Cl  in  the 
BPSG  films.  One  approach  to  preventing 
depletion  effects  has  been  the  use  of  a 
vertical-flow  LPCVD  batch  reactor.  This 
reactor  uses  hydride  chemistry  and 
eliminates  gas  depletion,  but  requires 
rather  high  concentrations  of  hydrides. 


Plasma-enhanced  CVD  has  been  used  for 
forming  .  BBS G  tha 
hydrides.10"12  The  application  of  a 
plasma  seems  redundant  since  tempera¬ 
tures  similar  to  APCVD  or  LPCVD  are  used 
and  some  undesirable  side  effects 
occur  13 

The  synthesis  of  BPSG  can  also  be  based 
on  tetraethylorthosilicate  (TE0S)  with 
trialkyl  borates  and  phosphates  or  phos¬ 
phites,  as  well  as  PH,. 1,1 13  The  high 
surface  mobility  of  TEOS  leads  to  excel¬ 
lent  conformal  coverage,  a  key  requisite 
for  void  free  planarization.  The 
lowered  toxicity  of  these  organic  reac¬ 
tants  compared  to  the  hydrides  is  an  ad¬ 
ditional  advantage.  The  reactants  can 
be  introduced  in  the  reactor  by  conven- 
tional  methods  or  by  liquid 
injection.16,17 


The  fusion  flow  of  BPSG,18,19  which 
typically  contains  3-5  wt*  B  and  P  each, 
is  usually  done  in  a  tube  furnace  for 
20-30  min.  in  N2,  O 2,  or  steam  at  800- 
950°C .  Reflow  after  etching  the  vias 
must  be  done  in  a  dry  ambient,  usually 
Oo  f  to  grow  a  thin  protective  oxide 
layer,  followed  by  H2.  ~3'5'20  Rapid 
thermal  heating  allows  flow  in  seconds 
instead  of  minutes,  but  at  100-17 5°c 
higher  temperatures . 3 • 21  However, 
rapid  thermal  heating  is  not  always  ad¬ 
vantageous  in  preventing  dopant  diffu¬ 
sion  into  the  substrate. 
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Fig.  i.  ( a  >  Modulated  rvfltctanc«  image  of  a  stacking  fault  on 
patterned  Si  wafer.  The  tiro  bright  dots  which  taper 
toward  ont  anothar  are  the  ends  of  the  bounding 
dislocation.  The  actual  distance  between  the  two  dots 
Is  approximately  40  microns.  This  image  is  measured 
through  a  Si02  film  <348  Angstroms)  C2J. 

<b>  Conventional  optical  photomicrograph  (at  slightly 
larger  magnification)  of  the  same  region  as  in  <a) 
after  oxide  strip  and  Wright  decoration  etch  121. 
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Trench  iaolation  is  a  technology  to 
which  the  IC  industry  worldwide  la  becoming 
heavily  committed  as  a  means  of  achieving 
further  increases  in  packing  density  fll. 
Issues  of  reliability  and  yield  of  trench 
structures  are  basic  to  this  effort. 

In  this  article,  we  describe  the 
application  of  a  newly  emerging  subsurface  Si 
defect  imaging  technique  [2]  to  problems  of 
process  control  of  *  /nch- isolated  bipolar 
VLSI  circuits.  We  focus  on  issues  of 

process  control,  defect  generation  and 
detection  that  arise  uniquely  with  trench 
structures.  The  pragmatic  goal  of  this  study 
was  to  develop  a  real-time  subsurface  Si 
defect  inspection  method,  usable  in  a 
nondestructive  manner  on  in-process  product 
wafers,  for  minimization  of  process- induced 
subsurface  defects  such  as  dislocations 
originating  from  furnace  contamination  or 
oxidation-induced  stress. 

The  laser-based,  thermal  wave  modulated 
reflectance  Images  are  generated  in  a 
noncontact,  nondestructive  manner  with  image 
acquisition  time  of  1  minute  for  a  100 
micron  by  100  micron  image.  The  spatial 
resolution  is  1  micron j  however  defects  much 
smaller  than  that  size  are  detectable.  An 
unusual  aspect  of  this  technique  is  that 
each  image  shows  a  projection  of  all  defects 
contained  within  the  sampled  volume,  which 
typically  extends  fro*  the  surface  to  a 
depth  of  3  -  5  microns  into  the  Si.  The 
method  operates  in  room  ambient  conditions 
(no  vacuum),  requires  no  special  sample 
preparation,  and  is  able  to  image  through 
transparent  overlayers  such  as  silicon 
dioxide.  As  such,  it  la  able  to  operate  on 
in-process  wafers  at  various  production 
steps,  such  as  after  trench  etching  or 
field  oxidation,  prior  to  metallization  for 
detection  of  process- induced  defects. 


The  first  images  generated  with  this 
method  C2)  were  those  of  stacking  faults 
and  dislocations  induced  in  silicon  wafers 
by  a  damaging  gettering  technique  followed 
by  oxidation.  An  example  is  included  here 
as  Fig.  1.  The  comparison  of  the  post-oxi¬ 
dation  thermal  wave  <TW>  images  with  stan¬ 
dard  optical  microscope  images  made  after 
oxide  stripping  and  Wright  etch  showed  a 
spatially  definitive  correspondence  between 
the  two  methods. 

In  the  present  study  we  examined  VLSI 
bipolar  w mfwra  for  subsurface  defects  by 
using  conventional,  destructive  decoration 
etching  methods  and  the  new  method  of 
thermal  wave  modulated  reflectance  imaging. 
Comparisons  were  made  in  a  spatially 
located  manner  so  that  the  exact  same 
silicon  area  could  be  first  thermal  wave 
imaged  and  then  decoration  etched  and  micro- 
photographed.  Wafers  were  examined  after 
the  processing  steps  of  field  oxidation, 
base  diffusion  and  emitter  implant  anneal. 

Thermal  wave  images  show  the  presence 
of  defects  extending  predominantly  from  the 
trenches  into  the  active  interior  region  of 
the  transistor  cells.  Adjacent  cells  may 
show  significantly  different  defect  behav¬ 
iour.  Crystallographic  slip,  apparently 
associated  with  the  trench  oxidation  process, 
was  also  imaged  on  some  wafers. 

In  addition  to  the  comparative  examples 
of  this  defect  imaging  method,  we  will 
describe  the  current  status  and  expecta¬ 
tions  of  this  method  as  a  production  monitor 
for  yield  enhancement  of  trench  bipolar  VLSI 
circuits. 
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introduction 

Traditional  silicon  trench  etch 
processes  have  faced  difficulty  in 
simultaneously  optimizing  the  etch  rate, 
selectivity,  profile,  and  uniformity.  A 
high  speed  silicon  trench  etch  has  been 
developed  using  a  high  pressure,  low  power 
SFg/O-  process.  This  process  has  been 
developed  in  a  Drytek  102  Plasma  Etcher.  The 
process  is  capable  of  producing  trenches  as 
deep  as  12  microns  in  2  minutes.  it 
produces  near  vertical  sidewalls  with  good 
replication  of  the  masking  pattern.  Both 
photoresist  and  photoresist  on  oxide  masks 
have  been  studied  during  the  optimization 
of  this  process. 

Experimental  Procedures 
Feasibility  tests  were  run  to 
determine  the  process  physical  limits  and  to 
gather  basic  information  on  the  probable 
settings  for  the  optimum  process.  The 
trench  etch  pilot  wafers  were  <100>  n-type, 
3-5  ohm-cm  100  mm  diameter,  CMOS  starting 
material.  The  trench  mask  was  a  single 
width  trench  isolation  mask  with  nominal  5 
micron  lines.  The  wafers  were  coated  with 
1.2  microns  of  Shipley  1400-27  resist. 

The  trench  pattern  was  transferred  to  the 
wafers  by  exposure  on  a  Perkin-Elmer  200 
series  projection  aligner  and  the 
photoresist  hardbaked  in  a  130  degree 
convection  oven.  Based  on  the  preliminary 
results,  response  surface  methods  were  used 
to  design  a  three  factor  matrix,  studying 
the  effects  of  chamber  pressure,  applied 
power,  and  process  gas  ratio  on  the 
responses  of  etch  rate  and  trench  profile. 
The  etch  time  was  fixed  at  two  minutes,  the 
electrode  spacing  was  chosen  to  be  5/16  of 
inch.  The  other  available  variables  in  the 
process  were  also  fixed,  since  they  did  not 
appear  to  be  critical  factors.  Each  matrix 
was  run  in  ramdora  order.  This  design  also 
looked  at  etch  uniformity  and  repeatability, 
and  took  into  account  any  interactive 
effects  of  the  basic  factors.  Each  matrix 
consisted  of  17  runs  sampling  5  levels  of 
each  factor  as  shown  in  Table  1. 


Table  i  Levels  of  Process  Settings 


Level 

Pressure 
(mtorr  ) 

Parameters 
Power 
(watts ) 

SF  /° 
Ratio 

1 

475 

125 

3.33 

2 

550 

200 

2.50 

3 

650 

300 

2.00 

4 

750 

400 

1.67 

5 

825 

475 

1.43 

Flow  ratios  were  determined  with  SF,  flow 
fixed  at  50  seem.  Power  settings  were  for 
the  single  wafer  etcher;  settings  for  the 
stacked  system  were  higher  to  account  for 
the  higher  wafer  area. 

The  full  matrix  was  repeated  for  both 
oxide  masked  patterns  and  for  photoresist 
masked  patterns.  This  process  has  been  run 
in  both  a  single  wafer  Drytek  102  and  the 


standard  5-wafer  stacked  electrode  Drytek 

102. 


Results  and  Discussion 

Results  were  measured  by  SEM  cross 
sections  of  the  trenches  produced.  These 
results  show  the  ability  to  produce  trenches 
of  different  depths  and  shapes  by  selective 
choice  of  process  parameters.  The  optimum 
response  for  both  masking  types  came  at  a 
pressure  of  550  mtorr,  power  of  200  watts, 
and  a  flow  ratio  of  2.50.  At  these 
settings,  the  oxide  mask  produced  trenches 
11  microns  deep,  7  microus  wide  (from  a  5 
micron  mask)  and  an  80  degree  sidewall  angle 
(Fig.  1).  The  photoresist  mask  produced 
trenches  6.3  microns  deep,  6.7  microns  wide 
(from  the  same  5  micron  mask)  and  a  90 
degree  sidewall  angle  (Fig.  2).  The 
difference  in  width/undercut  is  explained  by 
the  probable  inhibition  of  the  passivating 
sidewall  oxide  formation  by  the  oxide  mask. 
The  increased  depth  is  most  likely  caused  by 
a  focusing  effect  when  the  plasma  passes 
through  the  oxide  surface  mask.  The 
ultimate  depth  limitation  of  the  process  is 
not  known  at  this  time.  Minimum  masking 
geometry  has  also  not  been  studied. 

Profiles  from  vertical  to  sloped  are 
achievable  and  repeatable.  Oxide  masked 
trenches  showed  some  evidence  of  undercut 
which  can  overcome  by  mask  sizing. 
Photoresist  masking  is  as  effective  as  oxide 
masking.  As  opposed  to  the  oxide  mask 
undercut,  there  was  some  edge  erosion  with 
the  photoresist.  However,  no  special 
methods  were  employed  to  harden  the  resist. 
The  bottom  corners  of  the  trenches  are 
rounded  and  the  bottom  is  smooth  and  nearly 
flat,  since  this  is  an  oxide  passivated 
directional  etch  process  instead  of  a  true 
anisotropic  etch.  This  provides  an  optimum 
profile  for  oxide  refill  of  the  trenches. 
Selectivity  to  both  oxide  and  photoresist  is 
excellent  with  photo¬ 
resist  selectivity  equal  to  20:1  and  oxide 
selectivity  equal  to  70:1. 

Conclusion 

The  basic  issue  of  sacrificing  etch 
rate  (and  therefore  process  efficiency)  to 
achieve  acceptable  etch  profiles  and  the 
issue  of  needing  multilevel  masking 
materials  have  been  effectively  resolved  by 
the  development  of  the  described  process. 

The  4  to  6  microns  per  minute  etch  rate,  the 
near  90  degree  sidewall,  and  the  flexibility 
in  available  masking  materials  all  combine 
to  make  this  the  process  of  choice  for  many 
silicon  trench  operations.  Of  particular 
promise  is  the  corner  shape  at  the  base  of 
the  trenches,  in  light  of  the  reported 
difficulties  with  oxide  refill.  Studies  to 
improve  this  process  will  continue.  At 
present,  estimated  throughput  in  a 
production  environment  would  be  60 
wafers/hour  in  the  stacked  electrode  Drytek 
102. 

Acknowledgement 

The  authors  would  like  to  thank  Mike 
Shlepr,  Richard  Belcher,  and  Jack  Linn  of 
the  Harris  Semiconductor  Analytical  Lab  for 
their  support  in  taking  the  many  SEM 
micrographs  needed  to  complete  this  project. 


HI 


Fig.  Is  SEM  photograph  of  photoresist/oxide 
masked  silicon  trench. 


Fig.  2:  SEM  phot'ogranh  nf  phot-or^s  i  st 
masked  silicon  trench. 
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Wheu  considering  MOS  devices  f«»i  high  power  applications, 
a  prime  criterion  is  the  current  carrying;  capability  per  unit 
chip  area.  This  current  density  can  he  greatly  increased  by 
incut-pointing  the  channel  area  of  the  device  onto  t  he  sidewall 
of  a  trench  [1.2].  Also,  some  power  device  designs  require  deep 
MOS-sliucture  trenches  to  divert  current  flow  and  bring  (he 
device  out  of  a  regenerative  state  [3],  or  to  access  layers  deep 
within  the  device  [4].  All  of  these  applications  require  MOS 
structures  that  can  withstand  high  voyages  without  breaking 
down.  Therefore,  the  smoothness  of  the  trench  profile  is  of 
pat  amount  importance. 

The  dry  etch  process  presented  h.-t.  feat  mesa  low  jou  energy 
to  insure  a  damage  free  etched  surface  [5].  This  process  uses 
SF..  and  C' ^CT f'«*  in  a  symmcftic.  equal  electrode  area  RF  re¬ 
actor  with  the  sample  sitting  on  tin*  grounded  electrode.  The 
rnetgv  flux  density  on  (he  sample  teas  •-*-  O.^GW/rin*-  The 
anisotropy  of  the  etch  was  caused  by  the  deposition  ol  a  thin 
( 50  A)  polymer  etch  inhibitor  layei  on  the  sidewalls  }G]. 
This  deposition  requires  the  presence  of  a  photoresist  layer  on 
the  s-ampli  .  This  photoresist  I«y«*i  was  rtched  away  at  a  n.le 
1/7  times  that  of  tla*  underlying  silicon.  The  silicon  etched 
critically  at  a  tate  of  3700  A/ntiu  .  typically,  and  the  lateral 
undercut  for  this  process  was  oil  the  older  of  200  A / min  .  or 
lough ly  1  pin  laterally,  per  side.  f<»i  evejy  IS  /mu  vertically. 

A  typical  trench  cross  section  is  shown  in  figure  1 .  In  this  fig 
me.  the  bottom  nunri >  of  the  14  fim  deep  trench  are  founded. 
This  effect,  caused  by  slightly  different  etch  rates  for  the  (lilt 
and  (100)  crystallographic  planes  [71.  is  desirable,  since  it  re 
duces  the  amount  or  oxide  thinning  [Sj  and  electric  field  line 
crowding  a t  the  corners. 

Tiench'-s  like  I  lie  one  ill  ligilie  1  whose  sidewalls  arc  (lit)) 
planes,  as  well  as  flenches  whose  .sidewalls  are  (1(H))  planes, 
weir  etehf’d  and  subsequently  oxidized  under  either  wet  or  diy 
conditions,  so  that  an  oxide  of  either  --  500  A  or  ~  1000 
A  was  grown  (no  special  post-etch  treatment  was  given  to 
these  trenches).  After  polysilicon  deposition  and  patterning, 
the  tieijch  capacities  wefi*  tested  fot  destructive  gate  oxide 
breakdown  voltage.  Tin*  resulting  breakdown  fields  for  simul 
tau<*oiis]\  fahiicated  tiendi  and  surface  capacilots  ate  plotted 
vejsus  oxide  thickness  in  figure  ’>.  The  oxide  thicknesses  were 
measured  with  capacitance  techniques  or  scanning  election  mi 
rjnsrop\ 

The  lueakdowu  fields  shown  in  figure  2  are  genet  ally  liighei 
than  for  trenches  etched  with  a  higher  power  density  in  a 
cliloi  ilie  based  <*ll*'inist  1  \  [Oj.  This  is  1m •cause  those  touches 
have  sj.aip.  sometimes  acute,  bottom  cornet-  angles.  In  fact, 
visual  inspection  of  our  to  uch  capacitors  aftei  breakdown  lias 
shown  that  most  «.f  the  oxide  luptuus  were  ncnttiug  at  a  top 
coinel  of  the  III  Ill'll,  while  the  polysilicoU  collies  nut  of  t  lie 
ttMich  to  he  contacted,  ratlin  than  ilisidi  the  trench  itself 
Tliis  ci •! net  lueakdowu  pheiionii-non  explaitis  the  fact  that  out 


t touch  capacitors  still  bleak  down  at  lowet  voltage--  than  sm  ■ 
face  capacitors. 

In  coiiciusioii,  a  dry  t  tench  etching  process  using  a  low  eneigy 
ion  bombardment  and  a  ffoi nine -based  chetiiistiy  is  prrscnN'd. 
This  process  produces  trenches  with  rounded  bottom  conieis. 
which  prevents  high  electric  fields  from  developing  inside  ca 
pacitors  built  on  these  trendies.  The  result  is  a  trench  suitable 
to  incorporate  into  high  voltage,  low  on-tesifance  AfOS  devices. 
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Figure  1:  Trenches  etched  with  low  ion  energy  process. 
Etch  time  was  40  minutes;  trench  depth  is  14  /«n  . 


Figure  2:  Gate  oxide  breakdown  field  \„s.  gate  oxide  thick 
ness  for  (100)  sidewall  trench  capacitors  (squares).  (110'  side- 
wall  trench  capacitors  (triangles),  and  surface  capacitors  (cir¬ 
cles).  Dashed  lines  represent  wet  oxidation;  solid  lines  repre¬ 
sent  dry  oxidation. 
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Over  the  30  years,  more  or  less,  since  the  first  large 
scale  manufacture  of  printed  circuit  boards,  many 
changes  in  the  way  of  materials,  processes,  designs, 
test  methods,  and  end  product  requirements  have  taken 
place.  One  very  technically  complex  sequence  of  steps 
whose  basic  function  has  endured  over  the  years  is  the 
plated-through-hole  process,  which  creates  the  base 
conductive  layer  on  the  board's  hole  wall  surfaces 
that  permits  build-up  of  subsequent  electrolytic 
metallization . 

Though  the  general  function  of  the  PTH  process  has 
remained  the  same,  gradual  and  continual  evolution  of 
the  technology  has  occurred,  generally  directed  toward 
either  quality  or  productivity  improvements.  In 
recent  years,  since  the  productivity  improvement 
afforded  by  introduction  of  "heavy -build"  {2-2.5  Jim) 
electroless  coppers  about  ten  years  ago,  these  process 
changes  have  been  strongly  quality-driven,  with  the 
trend  to  more  complex  boards,  especially  multilayers, 
being  a  major  factor. 

The  term  "quality",  as  related  to  PTH  processing,  is 
defined  by  numerous  parameters1.  Traditionally, 
electroless  copper  coverage  and  adhesion  on  all  board 
surfaces  have  been  the  main  determinants  of  quality. 

In  more  recent  years,  the  benefits  of  a  dense, 
fine-grained  electroless  deuuaii.  in  comparison  wrtn 
the  coarser  deposits  of  the  past,  have  become  evident, 
as  interconnect  integrity  and  thermal  test 
requirements  have  become  increasingly  more  stringent. 
Finally,  the  demonstration  of  a  high  level  of 
consistency  and  wide  operating  window  in  the  overall 
process  has  come  to  be  expected. 

Achievement  of  the  best  process  results  has  been  found 
to  be  strongly  linked  with  ensurance  of  a  well 
prepared  hole  wall  substrate  surface,  and  this  surface 
has  been  best  achieved  through  use  of  alkaline 
permanganate  hole  wall  treatment.  Permanganate 
treatment,  normally  used  as  a  desmear  procedure  for 
multilayer  boards,  has  been  shown  recently  to  solve  a 
variety  of  technical  problems2*7;  hence  its  use  has 
spread  widely,  not  only  for  MLBs,  but  in  certain  areas 
for  double-sided  board  treatment  as  well.  Dramatic 
improvements  in  hole  wall  adhesion  and  end  board 
solderability  have  resulted. 

However,  needless  to  say,  in  today's  highly 
competitive  electronics  environment,  it  is  most 
desirable  that  all  quality  advances  utilized  be 
accompanied  by  good  results  in  process  productivity  as 
well. 

Because  of  the  lengthy  process  line  involved  when 
permanganate  treatment  is  employed  for  all  boards, 
recent  efforts  have  sought  to  create  a  new  PTH  process 
which  would  include  the  permanganate  desmear 
treatment,  yet  which  would  fit  into  the  tank  space  of 
existing  PTH  equipment,  thus  greatly  improving 
productivity .  The  end  result  of  this  work  is  a  novel 
and  already  widely  production-proven  new  PTH  process8. 


This  new  process  successfully  combines  various 
desmear/PTH  functions  so  as  to  yield  a  significantly 
shortened  overall  process  sequence,  which  actually 
improves  on  the  quality  advances  of  recent  years. 
This  paper  will  discuss  the  development  and 
chemistries  involved  in  the  new  system,  as  well  as 
production  experience  gained  since  the  system 
introduction . 
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Prom  1967  until  present  the  technical  and  patent  literature 
rv.eals  dicjnd  400  c  tries  i..  i!..  .  zl  x*. , .  v»ay  , 

{ 24069-99-0 J  liquid  negative  working  resist  system  in 
the  photofabrication  of  electronic  devices. 

In  fifties  and  sixties  poly{  vmylcinnamate )  was 
the  photoresist  of  choice  m  producing  fine  line  circuitry! 1  ) . 
Then  the  meaning  of  fine  line  was  10  mils  separated  by 
10  mils  space. 

However,  this  liquid  photoresist  was  replaced  by 
dry  film  technology,  which  was  automated. 

In  the  late  seventies  and  now  in  the  eighties  poly(vinyI- 
cinnamate)  liquid  photoresist  is  returning  for  the  new 
definition  of  high  density  (1  mil  line  and  space)  printed 
circuitry! 2 ) . 

As  dry  film  industry  expert  R.  H.  Wopschall  has 
pointed  out: 

"Dry  film  photoresist  technology  is  now  used  to 
fabricate  most  of  the  high-density  printed  circuit  boards 
for  computers,  telecommunications  and  aerospace  applications. 

A  IS  to  !00  micrometers  thick  phctopolymer  layer,  protected 
between  transparent  films  before  use,  is  applied  and 
then  expised  to  ultraviolet  light  through  a  photographic 
transparency  representing  the  desired  circuit  pattern. 

Most  circuit  line  conductors  are  100  micrometers  wide 
or  wider.  Dimensions  of  25  micrometers  are  achieved  with 
advanced  processing  techniques  and  even  smaller  dimensions 
are  expected  in  the  iuture.*<3). 

This  assessment  is  in  agreement  with  today's  practical 
production  limits,  which  currently  stand  around  4  mil 
lines  and  spaces  (IPC  -  TR  -S79). 

Liquid  film  applied  to  about  1  mil  thickness  dries 
out  to  0.1  mil  solid  layer  on  the  plate  and  inside  the 
plated  through  hole.  By  contrast,  dry  film  photoresists 
are  thinned  down  to  0.2S  mil  for  the  tenting  and  etching 
mode  of  operation  to  achieve  finer  lines  and  spaces. 

The  significant  limitations  of  dry  film  photoresists 
occurs  m  tenting  and  etching,  where,  in  case  of  rupture 
of  the  tent,  the  copper  in  the  plated  through  hole  is 
etched  away. 


Poly!  vmylcinnamate)  crosslinks  by 
for  the  dimerization  of  cinnamic  acid  to 
acid  !trans.  trans  - 
carboxvlic  acid): 
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The  number  of  crosslink-:  per  uni)  of  light  or  exposure 
time  is  increased  by  sensitizers,  such  as  Michler's  ketone, 
anthraqui none,  and  p  -  nitronmline  -(Triplet  sensitizers). 
The  crosslinking  may  be  effected  by  other  sensitizers 
through  electron  transfer  mechanism. 

Cinnamate  moieties  have  been  attached  to  various 


polymer  backbones  by  every  type  of  known  organic  structural 
link.  Despite  the  appearance  of  many  exotic  structures, 
the  polymer  of  choice  for  most  commercial  applications 
remains  poly!  vmylcinnamate  ) . 

) 0%  pol yf vinyl cinnamate )  in  a  suitable  solvent  is 
applied  on  panel  plated  copper  surfaces  with  an  average 
thickness  of  1  mil.  Tl>«  cojting  is  drie<l  leaving  a  film 
of  average  thickness  of  0.1  mil.  The  exposure  to  ultraviolet 
through  phototools  yields  good  resolution  to  1  mil  patterns. 

The  image  is  developed  in  solvent  vapors.  The  unwanted 
cripert*-  i;  etched  awsy.  Thw  photoresist  _ 

common  strippers,  leaving  copper  patterns  and  copper 
plated  through  holes.  Hot  air  solder  leveling  or  tin 

immersion  followed  by  tab  plating  ensue  to  complete  the 
process.  This  process  is  superior  to  dry  film  technology 

in  that  again  it  is  the  only  process  capable  of  such 
fine  resolution  of  detail.  Hence,  the  use  of  liquid  photo  - 
resists  has  returned  to  printed  circuitry.  An  important 
variation  of  this  process  is  the  use  of  pattern  plating, 

then  stripping  of  photoresist  and  depositing  new  photoresist 
for  protection  of  conductors  and  plated  through  holes. 

This  requires  superior  registration  and  good  cleaning 

cycle  for  pattern  plating. 

Here  is  the  procedure  in  detail  with  pertinent  comments. 

).  Drilling  of  the  copper  clad  laminate  by  manual 
or  NC  methods.  If  SC  methods  are  unavailable,  \  to  K 
oz.  copper  cladding  is  preferred.  Vapor  degrease  in  chlorinated 
solvents.  Flow  coat  with  photoresist,  dry  in  a  convection 
oven  at  2S0*F  for  1  hour.  After  removing  the  board,  cool 
it  to  room  temperature.  place  it  on  the  printing  machine 
and  expose  to  UV.  develop  in  the  solvent  vapors,  dye 
in  Gentian  violet  in  toluene,  rinse  off  the  unexposed 
resist  with  water  spray,  then  rinse  in  isopropyl  alcohol, 
spray  with  water.  5%  HC1  rinse,  air  dry. 

This  provides  good  contrast  reliable  pattern,  which 
can  be  used  in  hand  drilling  operation.  The  resist  pattern 
is  only  O.t  mil  thick,  it  is  quite  pliable  nd  does  not 
chip  as  dry  film  photoresist,  which  is  quite  brittle 
and  a  magnitude  thicker.  A  good  driller  can  thus  provide 
prototype  cards  by  manually  drilling  3  or  4  card  stacks. 

2.  Electroless  copper  deposition  cyle.  The  photoresist 
pattern  has  to  be  stripped  in  common  strippers,  such 
as  50*  by  volume  water,  some  ammonium  hydroxide,  and 
surfactant.  Rinse  in  water  spray.  Dry  in  an  oven  at  212*r 
to  drive  out  water.  Degrease  in  chlorinated  solvent, 
etch  n  ammonium  persulfate  (10*  by  wt )  aqueous  solution. 

Rinse,  10*  by  vol.  H2SC4  dip.  rinse.  Stannous  chloride,  rinse 
palladium  chloride,  rinse  cycle  can  be  used.  This  cycle  is 
preferred,  because  there  are  no  complexing  agents  deposited  on  the 
boird  from  stabilized  palladium-stannous  chloride  catalysts,  which  #r 
commercially  available.  As  for  electroless  copper  itself,  the  electro 
less  copper  deposit  produced  from  dilute  aqueous  solution  of  copper 
EDTA  complex,  nickel  chloride,-  sodium  hydroxide  and  formaldehyde 
only  approaches,  but  never  becomes  identical  to  plain  copper 
sulfate  electrolyte  copper  foil  m  mechanical  properties,  But  this 
deposit  is  better  than  that  from  the  commercial  electroless  copper 
solutions,  which  are  loaded  with  stabilizers  and  produce  porous  films 
although  the  solutions  last  longer.  From  the  engineering  view¬ 
point,  bath  stability  at  the  expense  of  mechanical  properties  of 
the  deposit  does  not  make  any  sense,  The  porosity  has  a  saving  grace 
that  it  provides  subsequent  keying  of  electroplate  to  original  foil 
The  recommendation  is  to  sand  off  the  electroless  copper  deposit  sl- 
togethtr.  Vn  the  control  of  electroless  copper  thickness  becomes 
unnecessary . 

3.  Copper  panel  electroplating  should  be  done  from  plain  copper 
sulfate  eleotrolyte'simulate  and  surpass  the  commercial  foil  in 
higher  tensile  strength  and  bending  ductility.  Already  twenty  five 
years  ago  a  new  plating  philosophy,  which  may  be  called  ant tbr ight ener 


various 


and  antileveler  approach,  was  demonstrated  in  electroplating  baths 
without  additives. 

4.  Photoresist  application.  Light  sanding  of  copper  electro¬ 
plated  panels.  Photoresist  can  be  sprayed  or  one  can  dip  boards 
in  it,  let  dry  at  250*F  for  1  hour  in  air  circulated  oven.  Adhesion 
is  excellent.  Air  drying  is  a  must,  since  oxygen  inhibits  poly¬ 
merization  -  crosslinking.  The  photoresist ''has  viscosity  of  12 
cestistokes,  solids  about  10%  by  wt,  specific  gravity  about  1.01. 

5.  Etching,  stripping  of  photoresist,  hot  air  solder  leveling 
finish  the  cycle.  Hot  air  solder  leveling  provides  pure  entectic 
solder,  which  cannot  be  produced  by  electroplating. 

For  fl«w  charts  of  processes  one  may  consult  a  former  communica¬ 
tion!  4 ) . 
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Introduction 

Electrical  connections  through  a  wafer  are 
becoming  a  new  way  to  solve  interconnection 
problems  in  integrated  circuit  designs.  T.H.C.  so 
called  "Through  Hole  Connections"  or 
intraconnections  have  already  been  proposed  in 
many  applications  and  technological  devices  such 
as  : 

-  AsGa  FET's  designed  for  low  impedance 
contacts  (1) 

-  Low  resistance  connection  to  ground  in  hy 
brid  microwave  thin  film  circuits  (2) 

-  CMOS/SOS  technology  (3) 

However,  T.H.C  can  also  be  pplied  in  silicon 
technology  .  In  a  double-sioed  technological 
approach,  it  could  provide  for  instance,  the 
interconnection  levels  requested  by  designers  in 
Wafer  Scale  Integration  (Fig  1).  It  is  even  a  way 
to  realize  stacked  3-D  structures  through  chip  or 
wafer  assembly  technology  (Fig  2).  In  the  same 
approach,  it  can  be  used  to  couple  integrated  cir¬ 
cuits  with  magnetic  or  optoelectronic  devices(4). 


mode.  The  wavelength  of  1.063  micrometer  is 
particularly  suitable  for  absorbtion  by  electronic 
transition  through  the  silicon  gap.  A  good  choice 
of  laser  parameters,  such  as  pulse  repetition 
rate,  pumping  current  and  number  of  pulses 
minimizes  the  random  walk  effect  described  by  T.R 
Anthony  (5).  Figure  3  shows  a  plot  of  average 
error  on  the  positionning  versus  peak  power  of 
pulses.  Figure  4  shows  diameter  hole  vs  peak  power 
of  pulses.  An  analysis  of  these  diagrams 
indicates  that  choosing  a  good  positionning 
commands  the  hole  dimension.  As  it  has  been 
reported  previously  (6),  the  potential  drilling 
speed  of  such  a  kind  of  laser  reaches  100  to  1000 
holes  per  second,  considering  approximately  10 
milliseconds  to  drill  one  hole.  Many  perfectly 
positionned  holes  are  needed.  This  conmands  th* 
use  of  x-y  table  to  displace  the  wafer  under  tue 
loser  beam  with  high  speeds  (200  mn/s)  and  high 
acceleration  (lm/s?).  Consequently  the  throughput 
is  determined  by  a  holes  network  and  at  the  same 
time  is  limited  by  time  displacement. 

Principal  sources  of  damage  to  a  wafer 
undergoing  laser  drilling  are  : 

-  External  ;  condensed  silicon  drops  around 
holes  (7). 

-  Internal  ;  SiO*Ny  debris  on  the  inner  sur 
faces  of  holes. 

External  and  internal  damages  are  easily  removed 
in  e  silicon  etchant  by  enlarging  the  diameter 
hole.  This  treatment  imp-oves  the  flatness  and 
smoothness  which  of  the  inner  surface  permitting 
proper  growth  of  thermal  Si  02  insulator  and 
constant  metal  layer  thickness  on  inner  surface 
holes  (Fig  5). 


In  focusing  our  research  on  direct  use  of  the 
process  we  used  the  following  requirements  : 

-  Realization  of  through  silicon  wafer 
connections 

-  Compatibility  of  our  process  with 
microelectronic  technology  and  equipment 

-  Good  yield  and  reproductibil ity  of  each 
step  of  the  process 

In  this  paper,  we  will  describe  the  whole 
T.H.C  fabrication  process,  namely  :  laser-drilling 
parameters,  insulator  growth,  metallization  of 
holes  ,  filling  and  encapsulation.  Electrical 
testing  results  and  yield  measurements  will  also 
be  presented. 


In  fact  ,  holes  are  not  perfectly  cylin¬ 
drical.  In  a  cone-shaped  hole  approx imat ion  (Fig 
6),  theoretical  resistance  can  be  calculated  with 
the  following  formula  :  0 


02-0 1  B} 

Figure  (7)  shows  a  plot  of  1200  T.H.C 
resistance  measurements.  In  our  investigations,  we 
focused  on  resistance  value  of  1  ohm.  However 
according  to  the  above  formula,  resistance  value 
of  0.1  Ohm  can  be  obtained  with  the  same  process. 
Assuming  a  perfect  filling  of  holes  with  a 
conductor,  it  can  further  be  lowered  some  mOhm. 


Conclusions 


Experimental  and  Results 

In  previous  studies  several  ways  to  realize 
the  hole  have  been  analyzed  :  chemical  anisotropic 
etching,  dry  etching,  ultrasonic  drilling  and 
laser  drilling.  Among  all  of  these  techniques 
laser  drilling  was  chosen  to  permit  : 

-  Good  precision  on  hole  positionning  that 
allows  double-sided  alignement 

-  High  aspect  ratio  diameter  versus  depth 
hole 

-  High  drilling  speed  (about  10  hole/s). 

A  new  laser-drf 1 1 ing  machine  has  been 
specially  designed  hy  Microcontrole  (located  in 
Evry,  France)  to  achieve  the  above  requirements. 
This  machine  is  also  compatible  with  the 
standardized  microelectronic  equipment. 

The  laser  we  have  used  to  drill  wafers  is  a 
commercially  available  Nd-YAG  Q-swithed  laser 
delivering  10  watt  Output  in  a  continuous  wave 


A  through  hole  metallization  process  using 
laser  drilling  has  been  developped.  An  important 
part  of  the  process  is  the  control  of  laser 
parameters.  Electrical  testing  indicates  a  process 
yield  of  96%.  This  excellent  yield  can  still  be 
improved. 

In  addition  to  our  current  research  we  are  further 
analyzing  the  THC  process  in  respect  to  complete 
devices  in  our  laboratory. 
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Fig  1  ;  T.H.C.  in  double  sided  technological  approach 


Fig  2  :  Stacked  3-D  structure  including  T.H.C. 
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Fig  4  :  Hole  diameter  (um)  VS  peak  power  (arbit.unit) 


Fig  5  :  Cross-section  of  a  Through  Hole  Connection 


insulator  >  ,  D2  ,  ^metal 


Fig  6  :  Through  Hole  Connection  in  the  cone  shaped 
approximation. 


.85  .9  1  1.1  1.2  1.3  1.4  1.5 

through  hole  connection  resistance  (£2) 


Fig  7  :  Through  Hole  Connection  resistance  measured 
on  a  whole  wafer. 
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Contact  Resistance:  A  Review  of  Recent 
Developments  in  Measurement 
and  Modeling 

Stan  Swirhun,  Honeywell  SSPL,  10701  Lyndale  Avenue 
S  ,  81oomington,  MN  55420 

Introduction: 

As  semiconductor  device  dimensions  shrink  both 
vertically  and  laterally,  device  currents  and  current 
densities  Increase.  If  metal  to  semiconductor 
contact  area  is  also  scaled,  contact  resistance  also 
increases,  and  with  it  the  deleterious  effects  of 
contact  potential  drops.  As  a  result,  the  proper  and 
accurate  measurement  of  contact  resistance  and  the 
physical  parameter  specific  contact  resistivity  p  , 
and  the  characterization  of  the  dependence  of  contact 
resistivity  on  doping  density,  metal  type  temperature 
is  essentia).  ^Recently,  there  has  been  a  great  deal 
of  Interest1’  3  In  proper  techniques  for 
extraction  of  specific  contact  resistivity  p  ,  from 
contact  resistance  measurements  of  p^nar  test 
structures.  Here,  this  recent  work  on  modeling  and 
extracting  specific  contact  resistivity  will  be 
reviewed,  the  key  experimental  and  theoretical 
results  concerning  modeling  p  will  be  discussed  and 
areas  of  where  further  investigation  is  required  will 
be  highlighted.  The  discussion  will  focus  primarily 
on  ohmic  contacts  to  Si. 

Proper  Extraction  of  p 

p  is  defined  as  the  incremental  resistance  of  an 
infinitely  small  area  of  the  metal  to  semiconductor 
Interface  passing  a  small,  uniform  current  density. 
Contact  resistance,  on  the  other  hand  is  a  measured 
macrscopic  quantity  that  depends  on  p  ,  but  also  on 
the  contact  size,  semiconductor  sheetcre$i stance,  and 
the  contact  geometry,  p  Is  the  single  measurement 
Independent  parameter  that  describes  the  quality  of 
the  interface  and  for  this  reason  it  is  the  proper 
focus  of  study  and  optimization.  Devices  and  test 
structures  have  a  contact  resistance  component  that 
is  dependent  on  the  exact  current  flow.  Consequently, 
extracting  p  from  a  measured  contact  resistance  is 
not  straighforward  because  the  complications  of  non¬ 
uni  form,current  flow  in  the  semiconductor  must  be 
modeled  .  Parasitic  resistance  contributions  due  to 
spreading  resistance,  current  crowding  at  the  contact 
edges  and  test  structure  collars  must  be  removed  in 
order  to  accurately  extract  low  p  values  from 
measured  contact  resistances.  Both  bulk3’  *  and 
planar1  test  structures  commonly  are  used  to  extract 
p  .  The  three  most  common  test  structures  -  the 
cross-bridge  Kelvin  resistor  (CBKR)  the  contact  end 
resistor  (CER)  and  the  tranmlssion  line  tap  resistor 
(TLTR)  are  discussed  in  [1].  For  each,  current  Is 
passed  between  one  semiconductor  and  one  metal  arm 
and  the  voltage  Is  measured  between  the  other  two 
arms.  The  measured  contact  resistance  is  V/I. 
Differences  arise  because  each  structure  measures  the 
voltage  at  a  different  position  of  the  contact  and 
R-hkr,  R©  an<*  Rit«n  are  general  different  -  even 
for  identically  sized,  Identically  fabricated 
contacts.  Fig.  I  illustrates  this  graphically.  The 
normalized  end  resistance  R  measured  on  a  series  of 
adjacent  test  structures  with  identical  5  micron 
square  contact  sizes  varies  by  2  orders  of  magnitude 
depending  on  the  width  W  of  the  n+  Si  bar  It 
contacts.  Exact  two-dimensional  simulations  of  the 
test  structure  accurately  models  this  strong 
dependence  with  a  single  low  p  value.  Fig.  1 
illustrates  *wo  other  Important  points  on  which  a 
consensus  has  been  reached:  1)  the  severity  of  the 
parasitic  resistance  effect  Increases  with  Increasing 
semiconductor  sheet  resistance  and  contact  overlap. 
11)  ignoring  the  parasitic  effect  will  always  cause 
overestimation  of  the  contact  resistance. 

The  recently  very  active  discussion  In  the  published 
literature  concerning  the  propes  extraction  of  p  was 
Initially  sparked  by  claims®  of'  accurate  extraction 


of  p  using  simple  test  structures  and  one- 
dimensional  analytical  expressions.  .Subsequent 
experimental  and  2-0  simulation  work1,  *  clearly 
showed  that  this  technique  was  unreliable  for  low  p 
values.  By  using  numerical  simulations  it  was  shown 
unambiguously  that  by  employing  data  from  an  array  of 
test  structures  with  systematically  varied  contact  or 
overlap  dimensions,  accurate  pc  values  could  be 
extracted  although  the  parasitic  resistance  effects 
may  dominate.  A  set  of  generalized  curves  unlque.to 
the  test  structures  to  be  used  has  been  presented1  to 
assist  In  this  extraction.  Fig.  2  Illustrates  such  a 
family  of  curves  to  allow  extraction  of  pc  using 
measured  resistances  Rk  from  CBKR  test  structures. 
Recently,  approximate  analytical  solutions  for  the 
most  common  CBKR  test  structures  now  exist. 

Theory  and  modeling  of  p 

The  ohmic  metal -semiconductor  contact  is  usually 
modeled  as  a  highly  doped  Schottky  diode.  In  this 
model,  the  specific  contact  resistivity  Is  due  to  the 
effects  of  a  potential  barrier  of  height  <p. 

(considered  independent  of  doping)  limiting  the 
current  transport.  Complete  theories  of  contact 
resistivity  based  on  the  Schottky  model  date®  from 
1969.  Carrier  transport  is  modeled  as  a  combination 
of  thermionic  emmission  over  the  barrier  -  favored  In 
lightly  doped  semiconductors,  low  barriers  and  at 
high  temperatures  -  and  tunneling  through  the  barrier 
-  favored  in  heavily  doped  semiconductors.  A  wide 
assortment  of  other  assumption  garnishes  the  basic 
theory  including  Image  force  barrier  lowering, 
effective  mass  changes  with  doping  and  temperature 
and  quantum  interface  dipoles’.  Other  well 
established  physical  effects  such  as  band-gap 
narrowing  have  never  been  considered,  however. 

Little  solid  experimental  data  of  p  (Nd,Na,T)  has 
been  presented  to  validate  any  modeT,  and  much  of  the 
data  that  has  been  presented  Is  suspect  because 
accurate  methods  may  not  have  been  used  to  extract 
pc.  The  most  quoted  data  of  Chang  et  aliu  fits 
available  theory  for  p  5  ohm-cnr  but  these 

p  values  are  just  barely  ohmic.  Modern  devices 
require  p  <10'3  and  this  is  the  range  in  which 
p  (Nd,Na,T)  must  be  tested.  This  Is  a  difficult  task 
since  the  state  of  the  semiconductor  surface  at  the 
time  of  metal  deposition  is  critical  in  determining 
the  quality  of  the  contact,  and  technology  to  control 
the  quality  of  the  Interface  is  much  more  advanced 
now. 

Fig.  3  plots  the  experimentally  determined  pc 
dependence  on  donor  concentration  for  PtSI  and  W 
contact  to  n+  Si.  Also  plotted  are  predictions  of 
the  dependence  of  contact  resistance  on  doping 
density  made  using  the  most  common  theory.  The 
theoretical  predictions  grossly  understlmate  p 
unless  Image  force  barrier  lowering  Is  excluded  from 
the  model;  in  this  case  the  fit  Is  adequate  for  both 
i i  and  PtSI  contact.  This  approach  also  allows  better 
fitting  of  the  best  of  the  other  available  p  (Nd) 
data11’  *  although  it  is  difficult  to  justify 
theoretically.  More  experimental  and  theoretical 
work  Is  required. 

Fig.  4  plots  predictions  of  the  temperature 
dependence1*  of  p  contact  to  n-type  <100>  SI  with 
barrier  height  anfl-doplng  as  parameters. 

Experimental  data13  (normalized  to  its  value  at  305K) 
In  Fig.  5  poorly  replicates  the  strong  theoretically 
predicted  temperature  dependence.  The  T  dependence 
of  measured  p  Is  much  weaker  than  predicted.  The 
lack  of  agreement  with  theoretical  predictions  points 
out  that  there  is  a  great  deal  of  room  for 
Improvement  In  our  understanding  ohmic  contacts 
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Fig.  2  Generalized  curves  to  extract  pc  from  CBKR 
structures.  Rk  and  R  are  measured  and  the  optimum 
1t  Is  extractei.  lt  *  7(p c/Rs). 


TEMPERATURE  1*1 

Fig.  5  Experimental  data  of  PC(T)  for  W  contact  to 
n-type  SI . 
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The  shrinkage  of  lateral  dimensions  of  VLSI 
circuits  towards  the  auboicron  range  requires 
shallow  source  and  drain  junctions  in  order  to 
minimize  short -channel  effects  in  devices. 
Titanium  siiicide  has  attracted  much  attention  as 
ohmic  contacts,  because  of  its  ability  to  reduce 
interfacial  oxides  and  its  high  conductivity  [1], 
to  reduce  the  inherently  high  resistance  of  shallow 
junction  depth  and  small  contact  area. 

Reactive  ion  etching  (RIE)  provides  the  highly 
anisotropic  etching  capabilities  and  has  been 
widely  used  in  contact  opening  of  VLSI  circuits. 
However,  dry  etching  can  produce  residue  polymer 
layer  on  the  surface  of  contact  area  121  and  has  to 
be  removed  by  additional  Ar  ion  bombardment  step  in 
RIE  process.  Except  for  inducing  a  lattice  damage 
layer  (31,  the  polymer  removal  step  can  etch 
silicon  at  contact  area.  This  phenomenon  not  only 
decreases  the  junction  depth  of  source/drain  region 
but  also  lowers  the  impurity  concentration,  and 
therefore  affects  the  performance  of  shallow 
junction  devices.  It  has  been  discussed  elsewhere 
that  the  metal -ail icon  reaction  consumes  silicon  at 
the  junction  region  to  form  titanium  siiicide  which 
could  be  associated  with  both  contact  resistivity 
and  junction  leakage  problems  [4].  In  order  to 
achieve  low  contact  resistivity  and  prevent 
junction  leakage  problem,  it  is  important  to  pay 
attention  to  control  the  processing  time  of  RIE  for 
contact  opening. 

In  this  paper,  a  contact  metallurgy  employing  a 
titanium  siiicide  l->yer  in  contact  regions  and  a 
Ti-W  alloy  of  composition  Tio.sWo.7  as  a 
barrier  material  has  been  evaluated  for  use  with 
shallow  junctions  and  Al-Si  metallization,  n*  and 
p+  junctions  are  formed  by  implanting  As  and  BFz 
into  silicon  substrate.  Determined  by  SUPRIM  III 
simulation  and  SRP  technique,  the  junction  depth 
about  0.15  urn  for  n4  and  0.25  i*n  for  p+  are 
achieved.  Titaniia  films  are  sputter  deposited  and 
then  reacted  with  the  imp lan tea  silicon  region  by 
two-step  annealing  and  a  self -registered  process  to 
form  the  low  resistivity  TiSiz  phase.  After 
Ti-silicidation,  the  remaining  junction  depths, 
about  0.1  \m  for  both  n+  and  pf  region,  are 
estimated  by  SRP  data.  The  Auger  depth  profile 
indicates  that  the  composition  of  Ti-silicide  layer 
on  p+  region  is  more  uniform  in  thickness  than  that 
on  n+  region.  The  semi-quantitative  atomic  ratio 
ia  Ti:Si:N  =  17:68:10  for  Ti-silicide  film  formed 
on  either  p+  region  or  bare  silicon  substrates. 

Fig.l  and  Fig. 2  shew  the  effect  of  different 
contact  etching  time  on  leakage  yield.  The  reverse 
leakage  current  of  finger  shape  diodes  of  area 
74100  in2  and  perimeter  10920  un  was  measured  at 
the  reverse  bias  of  7.5  volts.  Diodes  with  leakage 
currents  greater  than  100  pA  were  defined  as 
failures.  It  is  obviously  that,  for  both  n+  and  p+ 
junction  contacts,  the  yield  of  we 11 -control led 
etching  condition  { SJC  etch)  is  better  than  that  of 
lorger-tiae  etching  condition  (VC  etch).  Incase 


of  the  contact  resistance  measurement,  both  SJC 
etch  and  VC  etch  condition  assure  the  same  order  of 
low  contact  resistance:  <20  oho/contact  for  n+  and 
<50  ohm/  contact  for  p*.  (1.2*1. 2  urn2  contact 
area) . 

NMOS  device  structures  such  as  the  lightly 
doped  drain  (LDD)  and  the  double  diffused  drain 
(DDD)  have  been  proposed  for  the  reduction  of 
hot-carrier  degradation  and  acceptable  short - 
channel  characteristics  in  VLSI  technology.  Fig.l 
and  Fig. 2  also  illustrate  the  LDD  (phosphorus,  30 
keV,  3E+13)  and  DDD  (phosphorus,  50  keV,  5E+13) 
structures  combined  with  shallow  n+  junctions. 
After  total  thermal  cycle,  the  n+  junction  depths 
were  about  0.22  \m  and  0.24  urn  for  LDD  and  DDD 
structures  respectively.  Apparently,  the  yields 
are  improved  to  approximately  100  percent  for 
wafers  included  LDD  or  DDD  structure  which  is  much 
better  than  that  of  traditional  shallow  junction 
structure,  even  using  VC  etch  condition.  Fig. 3  and 
Fig. 4  show  the  leakage  current  as  a  function  of 
reverse  bia*>.  For  all  experimental  conditions,  the 
breakdown  voltages  are  above  17  V  and  20  V  for  n+ 
and  p+  junctions  respectively. 

The  effect  of  Ti  thickness  on  junction  leakage 
are  also  shown  in  Fig.l  and  Fig. 2.  The  unacceptable 
leakage  yields  were  obtained  for  650  A  Ti,  especial 
for  pt  junction,  even  with  well -control led  SJC  etch 
condition.  For  n+  junction,  due  to  the  fact  that 
the  thickness  of  titanivn  ailicide  formed  on  n* 
diodes  was  less  than  that  on  p*  diodes,  this  limit 
to  usable  Ti  thickness  is  not  so  clear  as  p+ 
junction  and  can  be  relaxed  by  accompanied  LDD  or 
DDD  structure.  Note  that  for  thinner  initial  Ti 
thickness,  400  A,  well -con trolled  contact  etching 
is  still  needed  to  preserve  low  leakage  current  and 
high  junction  yield. 
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Fig.l  Yield  of  n+/p  diodes  versus  process 
conditions  including  different  junction 
structure  (shallow  junction  -SJC,  with  LDD, 
with  DDD) ,  contact  etching  (well  controlled 
-SJC  etch,  longer  etching  tijse  -VC  etch)  and 
initial  Ti  thickness  (400  A,  650  A) 


Fig. 3  n+/p  junction  leakage  current  as  a 
function  of  reverse  bias  for  LDD,  DDD  and 
traditional  shallow  junction  contact 
structures. 


Fig. 2  Yield  of  p*/n  diodes  versus  process 
conditions  for  the  sane  wafers  as  described  in 
Fig.l 


Fig. 4  p+/n  junction  leakage  current  as  a 
function  of  reverse  bias  for  the  sane  %®fers 
as  described  in  Fig. 3 
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High  yielo,  low  resistance  contacts  are 
essential  for  future  ULSI  technology.  These 
contacts  must  also  provide  a  diffusion 
barrier  film  to  prevent  metal  reaction  and 
penetration  of  the  underlying  junctions  [1]. 
It  is  important  for  the  contacts  to  withstand 
the  extended  thermal  cycles  Introduced  by  the 
multilevel  metallization  process. 

Titanium  nitride  (TiN)  is  one  of  the 
most  promising  diffusion  barrier  materials 
for  semiconductor  contact  metallizations 
because  of  its  thermodynamic  stability  i.2], 
low  diffusivity,  and  high  conductivity.  Three 
main  techniques  are  currently  used  to  produce 
TiN  films:  reactive  evaporation  [3],  reactive 
sputtering  a  Ti  film  in  a  nitrogen  rich 
ambient  '  n - 6  J ,  and  furnace  annealing  [7]  or 
rapid  thermal  nitridation  of  a  Ti  film  in  a 
Hp  or  NH  ^  ambient  [8].  The  properties  of  the 

TiN  films  strongly  depend  on  the  actual 
growth  conditions,  and  consequently  on  the 
processing  parameters. 

This  work  reports  the  physical 
properties,  diffusion  barrier 
characteristics,  and  electrical  behavior  of 
TiN  films  sputter  deposited  from  novel  TiN 
targets,  99.51  and  99.991  nominal  purity,  in 
T  M 

a  Varian  3280  cassette-to-cassette 
sputtering  machine.  50-200  nm  thickness  films 
were  deposited  in  a  de-magnetron  mode  with  a 

-7 

base  pressure  of  2  x  10  Torr  and  a  backfill 
pressure  of  high  purity  argon  gas  of  7  x 

10  ^Torr  ,  Some  film  depositions  were 
performed  on  substrates  with  temperatures 
ranging  from  room  temperature  to  410°C. 

Figure  I  shows  the  variation  of 
deposition  rate  and  resistivity  of  TiN  films 
deposited  on  Si(100)  as  a  function  of  the 
sputtering  power  and  substrate  deposition 
temperature.  The  deposition  rate  for  an  input 
power  of  3  KW  is  2.7  nm/sec,  the  films 
reaching  a  resistivity  value  of  about  55  uil- 
cm.  High  rates  of  deposition  on  hot  SI (100) 
substrates  produce  films  with  a  re3i3tivity 
as  low  as  ^0  yfi-cm. 

Rutherford  backscattering  spectrometry 
(RBS)  performed  on  films  deposited  on 
amorphous  carbon  aubstrateo  indicates  the 
presence  of  Ti,  N,  and  0  as  principal 
components  of  the  films,  as  shown  In  Figure 
2  ,  while  A  r  is  not  detected.  X-ray 
photo  electron  spectroscopy  (XPS)  depth 
profiles  of  the  deposited  films  indicate  that 
T  t  and  N  are  present  i  ..  compound  form 
throughout  tne  thickness  of  the  films  [9]. 

Th**  stress  measured  on  TiN/SiO^/SiOOO) 
.irru.':.ijr<*3  is  compreS3  i  vo ,  ranging  between  1- 


5  x  10  dynes/ cm  ,  depending  strongly  on  the 
TIN  film  sputtering  conditions  [  1  0 ]  •  The 
performance  of  TiN  films  as  a  diffusion 
barrier  was  studied  with  Auger  electron 
spectrometry.  Processed  CMOS  device  wafer? 
with  contact  chains  and  diode  structures  were 
used  to  evaluate  Junction  integrity  a  r,  d 
specific  contact  resistivity  of  the 
metallizations  A  1  /  T  1  N  /  S  i  (  1  0 0 )  and 

Al/TiN/TiSi2/Si(l00)  on  N+  and  P+  Junction 

regions.  The  structures  were  annealed  at 
*i60°C  for  30  min.,  in  H  2  atmosphere.  The 

specific  contact  resistivity  result*  are- 
shown  in  Table  I.  They  indicate  that  the 
presence  of  a  T  i  S  i  2  layer  between  the  TIN 

film  and  the  S  i  ( 1 0  0  )  substrate  lowers  one 
order  of  magnitude  the  specific  contact 
resistivity  of  the  p ♦  contact  structure, 
without  affecting  the  results  on  the  N  * 
contact . 
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INTRODUCTION 

Lack  of  planarity  in  VLSI  circuits  results  in  poor  step  coverage  of 
metallic  interconnects.  Severity  in  topography  can  also  cause 
electromigration  problems,  metal  stringers  during  etching,  depth  of 
focus  problems  in  lithography  and  incompatibility  with  multilayer 
metallization.  In  this  paper  we  demonstrate  a  planarization  scheme 
using  LPCVD  tungsten  to  fill  submicron  contacts.  CVD  tungsten 
exhibits  good  step  coverage  in  high  aspect  ratio  pores  and  the  use 
of  a  sacrificial  resist  layer  during  etchback  prevents  punch- 
through  of  the  centers  of  the  contacts.  Such  a  contact  metallurgy 
also  results  in  excellent  device  characteristics. 


Wafers  for  tungsten  filling  were  fabricated  on  p-type  Si  substrates 
using  conventional  isolation  and  gate  formation.  Submicron 
lithography  was  used  in  defining  the  layer  patterns.  Splits  were 
introduced  after  contact  etch,  with  control  wafers  proceeding 
without  the  tungsten  planarization  and  all  other  wafers  going 
through  CVD  tungsten  deposition  and  etch  back,  described  in  the 
following  sections.  All  wafers  then  received  aluminum-silicon 
metallization,  patterning  and  metal  etch. 

Tungsten  deposition  was  carried  out  in  a  commercially  available 
cold  wall  CVD  system  (Genus  8402).  The  tungsten  deposition 
conditions  were  as  follows:  temperature:  450°C,  pressure:  200 
mTorr,  H2:  2500  seem,  SiH4:  180  seem  and  WF6:  500  seem.  The 
deposition  rate  was  approximately  1600A/min  and  the  film 
uniformity  on  a  100  mm  wafer  was  better  than  5%,  3  sigma.  As 
stress  level  in  these  tungsten  films  was  extremely  high, 
spontaneous  delamination  was  observed  when  the  film  was 
deposited  directly  on  either  Si  or  oxide.  In  order  to  promote 
adhesion,  ‘glue’  layers  had  to  be  deposited  on  the  patterned 
substrates  prior  to  tungsten  deposition.  Two  types  of  adhesion 
layers  were  studied:  a.  in  situ  deposited  layer  of  WSix  and  b. 
sputtered  layer  of  Ti.  In  both  cases  the  underlayer  was  1000A 
thick. 

Blanket  CVD  tungsten  etchback  was  performed  in  a  single  wafer 
etcher  with  the  top  electrode  powered.  A  sacrificial  resist  layer 
approximately  5500A  thick  was  spun  on  the  wafers  prior  to  etch 
back.  An  SF^  and  02  chemistry  (33%  02  in  SF^)  was  used  in 


the  first  step  of  the  etch  back  process  to  etch  the  photoresist  and 
the  tungsten  films  with  a  one  to  one  selectivity.  The  resultant  film 
etch  rate  was  approximately  5000A/min  with  a  etch  uniformity 
of  ±6%.  The  end  point  trace  was  monitored  by  the  optical 
emission  line  of  fluorine  (704  nm)  and  triggered  at  the  interface 
between  tungsten  and  the  glue  layer.  Chlorine  was  added  in  the 
second  step  along  with  SF^  and  02  to  prevent  undercutting  at  the 
contact  edges  during  the  over  etch  cycle.  The  final  step  in  the 
etchback  process  was  etch-residue  removal  from  the  glass  surface 
using  a  50:1  HF  dip  for  60  seconds. 

RESULTS  AND  DISCUSSION 

a.  Etch  related  undercutting: 

When  contacts  were  etched  with  the  photoresist  etch  back  process, 
it  was  found  that  the  edges  of  the  contacts  were  etching  faster 
compared  to  the  center,  which  was  protected  by  the  photoresist. 
This  accelerated  etching  of  the  contact  edge  has  been  termed 
‘undercutting*.  Films  on  WSix  showed  a  more  severe  undercutting 
problem  compared  to  films  on  Ti.  The  proposed  hypothesis  links 
the  extreme  stress  concentration  in  the  portion  of  the  film  closer 
to  the  substrate  to  stress  enhanced  etching  (1).  At  the  vertical 
wall  of  the  contact  edge,  a  cross  section  of  the  film  is  exposed  to 
etching.  Stress  enhanced  etching  results  in  different  etch  rates 
across  this  cross  section,  with  the  edge  etching  faster  than  the 
center.  The  result  of  this  differential  etching  is  notching  of  the 
contact  edge. 

It  was  found  that  adding  an  anisotropic  component  to  the  etch, 
which  is  less  sensitive  to  substrate  mechanical  characteristics, 
alleviated  undercutting.  Hence  chlorine  was  added  to  the  overetch 
cycle  along  with  SF$  and  O?.  Figure  1  shows  a  planarized 
tungsten  filled  contact  after  etchback,  using  this  two  step  scheme. 

b.  Electrical  characteristics  of  contacts  after  etchback  with  the  two 
step  process: 

We  compared  the  electrical  characteristics  of  the  tungsten  filled 
wafers,  with  the  control  split  with  no  tungsten  in  the  contact 
metallurgy  (Ti/Al-Si  on  Si).  N+  contact  resistance  was  measured 
on  single  contact  Kelvin  test  structures  where  the  contact  size  was 
1. Ox  1.0  um.  Tungsten  wafers  on  the  titanium  underlayer  and  the 
non-tungsten  v^afers  typically  exhibited  similar  contact  resistances 
of  1.2  -  2xl0"7  ohms/cm  .  Tungsten  wafers  on  WSix  showed  one 
to  two  orders  of  magnitude  higher  contact  resistance.  This  result 
can  be  explained  by  the  inability  of  WSix  to  reduce  the  more 
stable  native  oxide  of  Si  in  the  contacts.  Even  though  the  wafers 
were  dipped  in  buffered  HF  immediately  prior  to  CVD  deposition, 
there  is  still  a  sufficiently  thick  native  oxide  in  the  contact, 
especially  before  the  start  of  the  deposition,  when  the  wafer  is  at 
450°C,  in  a  relatively  poor  vacuum.  Because  of  the  poor  contact 
resistance  characteristics  of  the  WSi^,  further  discussion  of 
electrical  results  is  confined  to  the  titanium  underlayer. 


A  reverse  bias  n+  junction  !-V  plot  for  tungsten  filled  contacts  is 
shown  in  figure  2  .  The  plot  exhibits  no  low  level  leakage  and 
shows  a  breakdown  voltage  of  10  volts.  The  cumulative  probability 
plot  of  junction  breakdown  shown  in  figure  3  illustrates  the 
tight  distribution  of  failures.  Tungsten  wafers  with  titanium 
underlayer  show  a  slightly  better  breakdown  characteristic 
compared  to  the  silicide  underlayer.  It  is  thus  seen  that  the 
planarized  tungsten  fill  process  gives  acceptable  process  and  device 
characteristics  when  it  is  deposited  on  a  titanium  underlayer. 

CONCLUSIONS; 

We  have  shown  the  feasibility  of  developing  a  completely 
planarized  contact  metallurgy,  using  the  resist  etch  back  of  CVD 
blanket  tungsten.  We  have  demonstrated  the  ability  of  the  resist  in 
protecting  weak  spots  created  by  the  deposition  process  in  the 
centers  of  contacts.  We  have  tested  this  planarized  process 
electrically  and  have  shown  that  tungsten  filled  contacts  compare 
favorably  with  conventional  contact  metallurgy,  while  making  the 
overall  structure  less  sensitive  to  topography  related  issues. 
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Fig.  3  Cumulative  probability  plot  of  junction  breakdown 


357 


i 


k 


Abstract  No.  252 

Rapid  tncrmal  Annealing  of  Ti  and  Ti-W 
me  cal  1 iasa t ion  on  Si 


T.  S  Kalkur  and  Brian  Mueller” 

Microelectronics  Research  Laboratories. 

Department  of  Electrical  Engineering. 

University  Of  Colorado  at  Colorado  Springs.  CO 

80933 

*  Honeywell  Inc.,  Solid  State  Electronics  Center. 
Colorado  Springs,  CO  80933 


processing  temperature  in  the  range  400-900  C.  The 
contact  resistivity  was  also  found  to  deteriorate 
slightly  when  the  annealing  temperature  exceeded 
B00  C.  The  surface  morphology  was  found  to  be 
smooth  at  annealing  tempertures  In  the  range 
400-900  C.  The  contact  characteristics  of  RTA 
annealed  samples  were  compared  with  furnace  and 
vacuum  annealed  samples.  The  contact  metallisation 
structure  was  Investigated  with  automatic  X-ray 
diffractometer  and  an  attempt  was  made  to  correlate 
structural  properties  with  electrical 
characteristics  of  the  contacts. 

Acknowledgement 


Rapid  Thermal  annealing  is  becoming  increasingly 
Important  In  the  formation  of  refractive  metal 
sllicldes  on  s 1 1 ! con[ 1-4] .  Among  the  various 
refractory  metals.  Tungsten  and  Titanium  has 
attracted  the  attention  of  many  investigators.  More 
recently,  double  layer  or  intermixed,  refractory 
metal  layers  were  Investigated  for  use  as  contacts, 
interconnects  or  barrier  layers.  In  this  paper,  we 
are  reporting  the  results  of  direct  slllcldatlon  of 
Titanium  nnd  co-deposltcd  Titanium-Tungsten  layer* 
by  rapid  thermal  annealing. 

The  samples  used  for  the  investigation  were  n  and 
p-type  wafers.  The  p  type  layer  was  formed  on  n 
type  wafers  by  Implanting  BF2*  ions  at  a  dose  of 
15  2 

3x10  /cm  at  energy  40  KeV  and  n  type  layer  was 
formed  on  p  type  layers  by  implanting  with  ions  at 
the  dose  of  9.5  xl0lo/cm^  at  energy  40  KeV.  The  ion 
Implantation  damage  was  removed  by  annealing  the 
wafers  in  a  furnace.  For  some  wafers.  Titanium 
layers  of  thickness  1000  A  were  deposited  by 
electron  beam  evaporation.  For  the  rest  of  the 
wafer*.  ^IgO^O  layer  of  thickness  1200  A  were 
deposited  by  magnetron  sputtering.  Test  patterns 
for  the  measurement  of  contact  resistivity  and 
sheet  resistivity  were  formed  on  these  wafers  by 
standard  photolithography  and  etching  techniques. 
The  wafers  were  rapid  thermally  annealed  in 
nitrogen  and  argon  ambients  in  A .C. Associates 
Hoatpulse-410  system  for  temperature  ranges 
between  400  C  to  9C  C  and  for  various  annealing 
times.  For  Tl-Silic  system,  the  sheet  resistivity 
of  the  metallisation  layers  started  decreasing  with 
Increase  in  the  annealing  temperature  from  400  to 
900  C  for  a  processing  time  of  10  seconds 
(  as  shown  in  Fig.i).  For  a  steady  state 
temperature  of  600  C.  the  sheet  resistivity  was 
found  to  be  increasing  with  increase  in  processing 
time.  The  contact  resistivity  as  measured  by 
circular  Transmission  line  method  was  was  also 
found  to  be  decreasing  with  increase  in  annealing 
temperature.  The  surface  morphology  of  the  RTA 
annealed  contacts  were  found  to  be  smooth  even  upto 
an  annealing  temperature  of  900  C.  In  the  case  of 
TlgQ*20  metallisation  system,  the  sheet  resistivity 
of  the  metallisation  layer  was  found  to  be 
increasing  with  increase  in  annealing  temperature 
above  600  C  (shown  in  Fig.i).  This  might  be  due  to 
the  presence  of  traces  of  oxygen  in  the  RTA 
chamber.  The  extent  of  increase  in  sheet  resistance 
was  reduced  by  using  long  purge  times  after  loading 
the  wafer.  The  current-voltage  characteristics  of 
1*180W20  Contacti  with  silicon  were  ohmic  at  RTA 
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Fig.i  Sheet  resistance  of  Tl  and  TlW  on  Si  vs 
rapid  thermal  anneal  temperature. 
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I.  Introduction 

For  smart  power  applications,  logic  circuitry  at 
the  VLSI  complexity  need  to  be  interfaced  with  the 
high  voltage  integrated  circuit  technology  [1-3). 
Smart  power  systems  require  low  resistance  and  relia¬ 
ble  contact  and  interconnect  metallurgy  to  reduce  the 
on-resistance  of  the  intrinsic  device  and  to  reduce 
the  power  dissipation  and  propagation  delay  of  inter¬ 
connect  lines.  The  contact  and  interconnect  metallurgy 
roust  be  also  compatible  with  the  multilayer  metalliza¬ 
tion  technology  for  efficient  integration  and  communi¬ 
cation  among  various  components  on  the  silicon  chip. 

It  is  generally  well  known  that  aluminum  based 
alloys  are  prone  to  hillock  formation  and  electroral- 
gration  related  problems  [4.5).  This  problem  becomes 
particularly  severe  for  contacts  with  small  features 
[6,7).  When  switching  large  voltages  and  currents  at 
high  frequencies,  electromigration,  interelectrode 
sparking,  adhesion,  and  aluminum  spiking  can  cause 
severe  reliability  problems. 


Refractory  metals  and  their  sllicides  have  been 
shown  to  provide  low  sheet  resistances  when  deposited 
on  both  polysilicon  and  single  crystal  silicon  [8,9). 
In  addition  to  providing  low  contact  resistances  to 
gate,  drain  and  source  electrodes,  significant  impro¬ 
vements  in  the  gate  propagation  delay  [10],  gate  power 
consumption  (11],  and  device  reliability  can  result  by 
using  highly  conductive  refractory  sllicides.  For  low 
loss,  high  speed  interconnects  between  devices  and 
external  environments,  efficient  multilayered  metal¬ 
lizations  are  required  with  silicide  technology 
[12,13].  Recently,  low  resistance  contacts  to  n  -Si 
have  been  reported  based  on  improved  Al-TiW-TiSi?  con¬ 
tact  metallurgy  (14J.  Simultaneous  low  resistance  con¬ 
tacts  to  both  n-  and  p-type  silicon  are  required  in 
bipolar  mode  power  devices  [15-17],  power  MOSFET's 
[18,19],  and  CMOS  and  bipolar  devices  for  silicon  VLSI 
applications  [20]. 

In  this  Investigation,  we  report  on  the  fabrica¬ 
tion,  characterization,  and  modeling  of  extremely  low 
resistance  and  reliable  TiSi,  contacts  to  both  n  and 
p  -Si  for  silicon  VLSI,  smart  power,  and  multilevel 
metallization  applications.  These  low  resistance  con¬ 
tacts  resulted  from  careful  optimization  of  silicon 
and  TlSij  sheet  resistances,  and  in  situ  sputter 
etching  of  the  silicide  surface  prior  to  TiW  deposi¬ 
tion  to  reduce  the  interfacial  contact  resistance.  The 
specific  contact  resistivity  (p  )  obtained  for  n  sil¬ 
icon  is  nearly  an  order  ofginagnfcude  smaller  than  that 
of  Al  +(  l . e . ,  p  <  5x10  0-cra  ),  and  that  of  TiSi? 
to  p  silico^  comparable  to  Al 
(  Pc  <  1x10  0-cm  ).  These  results  represent 
the  best  ever  reported  specific  contact  resistivities 
to  either  n-  or  p-type  silicon  with  T1S1?  contact  and 
interconnect  metallurgy  [21,22].  L 


The  experimental  device  structures  consisted  of  a 
variety  of  As,  B,  and  P  diffused  regions  formed  on 
<100>  oriented  silicon  substrates.  Contact  patterns 
were  defined  by  RIE  etching  8  kA  of  densified  LPCVD 
Si02*  About  2000A  of  TiSi^  was  formed  by  rf  sputter¬ 
ing  1000A  Ti  and  then  sllicidlng  using  two-step  fur¬ 
nace  anneal  (FA)  or  rapid  thermal  anneal  (RTA)  to 
obtain  a  range  of  TiSij  sheet  resistances  [23,24]. 
About  1000A  of  TiW  was  then  sputter  deposited  on 
TiSij-  In  some  samples,  the  TiS^  surface  was  in  situ 
sputter  etched  prior  to  TiW  deposition  without  break¬ 
ing  the  vacuum.  The  metal  patterning  was  defined  by 
wet  etching  3  pm  of  rf  sputtered  Al  +  1%  Si  or  «.a . 

Contact  test  structures  to  study  Al-TiW  and 
T1W-T1S12  interfacial  resistances  as  well  as 
Al-TiW-TI S^-nSi  contact  resistances  were  fabricated. 
Extensive  measurements  of  cross -bridge  Kelvin  resis¬ 
tors  were  made  to  study  the  contact  resistance,  con¬ 
tact  linearity,  and  contact  yield  across  4  inch 
diameter  silicon  wafers.  Negligible  changes  in  the 
contact  resistance  and  interface  morphology  were  seen 
after  sintering  aluminum  at  465  "C  in  forming  gas. 
Contacts  with  sputter  etched  TiS^  had  more  than  a 
factor  of  2  lover  Kelvin  resistance,  R^  compared  to 
Alusil  contacts  on  n-type  silicon  as  shown  in  Table  1 
where  x.  corresponds  to  the  dopant  junction  depth 
obtained  from  spreading  resistance  analysis,  and  R„„ 
is  the  silicon  sheet  resistance  measured  using  tne 
four  point  probes,  both  prior  to  si llcidation. 
Detailed  SEM,  TEM,  RBS ,  and  Auger  analyses  shoved  a 
layer  of  titanium  oxide  at  the  interface  between  TiW 
and  TiSi2  for  samples  with  no  sputter  etching  of  the 
silicide  surface  prior  Co  TiW  deposition.  RTA  sili¬ 
cide  yielded  slightly  better  contact  resistance  due  to 
lower  silicide  sheet  resistance,  less  dopant  redistri¬ 
bution,  and  uniform  silicide  film  with  smoother  sili¬ 
cide  surface.  Sputter  etched  TiSij  contacts  to  p-type 
silicon  had  comparable  Kelvin  contact  resistance  to 
that  of  Alusil  contacts. 
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Table  1.  Contact  data  at  300K  for  5  micron  dry  etched  square  contacts. 


DOPANT 

CONTACT 

METALLURGY 

Xj 

(4«n) 

rsh 

«VD) 

m 

P 

Alusil 

0.9 

12.5 

6.0 

As 

Alusil 

0.3 

41 

12 

B 

Alusil 

5.8 

4.6 

2.2 

P 

Al -TiW-TiS i- 

0.9 

12.5 

2.8 

As 

Al -TiW-TiSif 

0.3 

41 

4.9 

B 

Al-TIW-TiSi^ 

5.8 

4.6 

3.0 
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The  efficiency  of  wiring  densely  packed 
chips  is  improved  significantly  by  the  use 
of  multiple  wiring  planes. 

As  each  successive  layer  of  a  multilevel 
metal/ insulator  structure  is  built,  the 
topography,  introduced  at  the  contact  hole 
level,  worsens.  Severe  topography  causes 
problems  in  lithography  and  in  step 
coverage  by  the  deposited  films.  A  planar 
structure  is  desirable,  but  difficult  to 
realize.  Several  approaches  have  been 
used;  some  mitigate  the  effects  of  severe 
topography,  others  attempt  to  achieve 
complete  planarization. 


Processes  have  been  developed  to  smooth  an 
inorganic  insulator  so  that  it  is  easier  to 
cover  adequately  by  the  next  metal  layer. 
These  include;  flowage  of  P-  or  P/B-doped 
oxides  at  high  temperatures;  spacer 
technology";  bias  PECVD  deposition; 
deposition/etch  cycles;  and  blanket  dry 
etching  a  deposited  insulator. 


Polyimides  have  been  used  as  the  interlevel 
dielectric,  replacing  inorganic  insulators, 
to  planarize  the  structure  partially  and  to 
smooth  underlaying  steep  steps. 


Among  the  early  planarization  processes  was 
the  fabrication  of  embedded  structures; 
this  approach  is  still  pursued. 

Deposition  processes,  which  result  in  a 
planarized  dielectric  layer,  include:  eras 
sputtering;  bias  electron  cyclotron 
resonance  plasma  deposition;  and  a  sequence 
of  deposition/etch  cycles. 

There  is  also  a  vast  variety  of  "etch-back" 
procedures  for  planarizing  a  deposited 
insulator;  they  use  several  kinds  of 
sacrificial  layers  or  masking  schemes. 

More  recently,  planarization  of  metal  films 
has  been  accomplished.  In  some  of  the 
techniques,  the  via  holes  in  the  interlevel 
insulator  can  be  filled,  without  voids, 
while  providing  a  planarized  blanket  metal 
film  for  subsequent  patterning.  Examples 
include:  bias  sputtering;  enhanced  surface 
diffusion  during  sputtering  by  the  use  of 
heat  and  bias;  "flowage  bias  sputtering  ; 
and  sequential  evaporation/sputter  etch 
cycles.  Via  filling  by  partially  ionized 
beam  deposition,  followed  by  deposition  at 
a  higher  temperature,  was  used  to  form  a 
planar  aluminum  layer.  Another  technique 
is  deposition  of  a  metal  film  over  the  via 
holes  by  standard  methods  and  filling  the 
holes  by  melting  the  metal  briefly  by 
exposure  to  laser  pulses. 


Other  schemes  depend  on  "hole  filling  ; 
these  include  selective  CVD  tungsten  and 
electroless  nickel  deposition  only  in  tne 
holes.  When  the  holes  are  of  different 
depths,  some  will  be  over-filled  and  the 
excess  metal  must  be  removed.  A  layer  or 
metal  is  then  deposited  on  the  planar 
surface  and  the  next  conductor  level 


This  paper  presents  and  discusses  the 
details  of  these  processes.  They  are  often 
complex  and,  therefore,  time-consuming  and 
expensive.  Effort  is  being  expended  to 
simplify  the  processes;  therefore  greater 
use  of  multilevel  metallization  can  be 
expected . 
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The  advances  in  VLSI  technologies  have  increased 
significantly  the  device  counts  per  chip.  As  a  result, 
single  layer  of  conductor  is  no  longer  adequate  and 
multilevel  interconnection  is  widely  practiced  today. 
One  of  the  major  limiting  factors  in  the  further 
advancement  of  interconnection  technology  is  the 
topography  generated  by  each  process  step.  The  high 
resolution  lithography  demands  a  more  planar  surface, 
and  the  step  coverage  of  deposited  thin  film  also  suffers 
from  topography.  As  the  number  of  conductor  layers 
increases,  these  problems  become  more  severe  and  have 
a  detrimental  effects  on  the  improvement  of  VLSI  tech¬ 
nology.  A  truly  planar  metallization  process  is  there¬ 
fore  needed. 

For  each  conductor  layer,  there  are  two  main  com¬ 
ponents:  the  conductive  films  to  form  signal  lines  and 
the  dielectric  films  to  isolate  these  signal  or  power 
lines.  If  the  metal  film  is  deposited  and  patterned 
before  the  dielectric  film,  as  in  conventional  metalliza¬ 
tion  processes,  an  additional  planarization  process  is 
needed  to  smooth  the  topography[l].  For  the  planariza¬ 
tion  techniques  available  today,  there  is  no  global 
planarization  process  except  by  mechanically  lapping. 
Most  planarization  processes  leave  a  smooth  surface  but 
can  not  reduce  the  step  height  over  large  patterns.  A 
promising  process  to  achieve  truly  planar  surface  is 
"buried  metal  process",  in  which  the  metal  film  is  depo¬ 
sited  after  the  embedding  dielectric  is  deposited  and 
attemed. 

The  buried  metal  process  must  fulfill  two  require¬ 
ments:  self-aligned  metal  patterning  and  good  electrical 
properties.  No  alignment  method  can  align  metal  pat¬ 
terns  to  the  dielectric  patterns  exactly,  and  a  self-aligned 
method  is  needed.  Examples  of  self-aligned  patterning 
rocess  include  lift-off[2]  and  selective  deposition[3-5]. 
n  this  paper,  we  used  electroless  deposition  process  to 
selectively  deposit  metal  film  into  dielectric  trenches. 
The  schematic  of  a  self-aligned  process  is  shown  in 
Fig.l.  The  embedding  dielectric  film  is  deposited  and 
patterned  first(Fig.l(a)).  Then  an  etching  process 
transfers  the  pattern  into  the  dielectric(Fig.l(b)).  The 
desired  metal  film  is  selectively  deposited  only  into  the 
trenches(Fig.l(c)).  As  can  be  seen  from  this  process 


flow,  the  bottom  of  the  trench  is  also  dielectric  film; 
otherwise,  the  signals  on  one  metal  line  will  disturb  the 
signals  on  the  other.  Depositing  metal  film  selectively 
into  the  trenches  requires  some  modification  of  the 
dielectric  surface  at  the  bottom  of  the  etched  trench. 

A  self-aligned  lift-off  process(LOPED)[6]  can 
deposit  a  thin  catalytic  film  into  the  trench,  then  the 
desired  metal  film  can  be  deposited  selectively  on  this 
film.  Ti  has  been  used  in  one  example  as  the  catalytic 
film,  and  the  result  is  a  planar  surface  with  conductor 
buried  in  dielectric(Fig.2).  Other  approaches  to  deposit 
a  catalytic  film  on  the  dielectric  surface  at  the  bottom  of 
trenches  will  also  be  addressed.  After  the  catalytic 
material  is  deposited,  an  electroless  deposition  process 
can  deposit  the  desired  conductive  film. 

The  conductor  system  must  also  have  good  electri¬ 
cal  properties.  The  metal  patterns  in  VLSI  circuits  are 
typically  long  and  narrow.  As  a  result,  the  resistivity  of 
the  conductive  film  should  be  low  and  the  electromigra¬ 
tion  resistance  should  be  high.  The  two  most  promising 
candidates  are  Cu  and  Au  due  to  their  good  conduc¬ 
tivity.  The  resistivity  of  Cu  is  1.6pohm-cm  and  that  of 
Au  is  2.35|Xohm-cm.  Both  Cu  and  Au  are  believed  to 
have  high  electromigration  resistance. 
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Fig.2  An  example  of  buried  metal  film.  A  0.8pm 
Cu  film  is  deposited  by  electroless  deposition 
process  into  low-temperature  CVD  oxide  film. 
The  surface  is  smoothed  by  coating  a  thin  layer 
of  spin-on  glass.  The  planarity  of  this  process  is 
far  better  than  most  other  processes. 


Fig.l  The  schematic  of  buried  metal  process,  (a) 
The  embedding  dielectric  is  deposited  and  pat¬ 
terned  first,  (b)  An  etching  process  transfers  the 
pattern  into  dielectric,  (c)  The  desired  metal  film 
is  deposited  into  the  dielectric  patterns  only. 
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Several  processes  have  been  proposed  to  fill  high- 
aspect-ratio  vias  in  VLSI  technologies,  including  selec¬ 
tive  CVD  tungsten[l-3],  blanket  deposited  tungsten  with 
etch-back[4]  via  pillars  or  studs[5,6],  and  selective 
electroless  deposition[7,8].  In  this  paper,  the  advan¬ 
tages  of  via-filling  to  improve  electrical  properties  and 
topography  are  studied  by  using  SAMPLE  simulation[9] 
program  and  experiments. 

Any  via  filling  scheme  should  have  low  via  resis¬ 
tance  and  high  electromigration  resistance.  Via  resis¬ 
tance  is  affected  by  both  the  via  filling  material  and  the 
properties  of  the  interface.  The  contribution  from  the 
via  material  will  be  studied  at  this  paper.  The  interface 
properties  will  not  be  discussed.  The  electromigration 
performance  will  be  addressed  only  in  terms  of  topogra¬ 
phy. 

The  shadowing  effect  from  sputtering  process 
creates  at  the  bottom  of  vias  a  thinner  film  than  that  of 
open  areas.  This  may  contribute  significantly  to  via 
resistance  if  substantial  thinning  occurs.  For  a  lum  by 
lpm  via  of  1pm  deep,  the  resistance  contributed  from 
the  via  material  is 


Rvt,  =  px  lenSth  =  p(in  pfl-cm)xl0-2 
area 

This  is  usually  a  small  portion  for  small  vias  (25%  for 
a  via  filling  process  resulting  in  2xl0“vQ-cm  specific 
resistance  if  a  5pl2-cm  material  is  used.)  If  the  thin¬ 
ning  in  the  vias  increases  this  part  significantly,  the 
total  via  resistance  will  be  affected.  SAMPLE  simula¬ 
tion  program  was  used  to  study  the  effect  of  partially 
filled  vias  on  the  step  coverage  in  small  vias.  The  vias 
are  assumed  to  be  square  in  dimension  for  simplicity  in 
calculation,  the  width  is  varied  from  0.8pm  to  1.5pm, 
and  the  depth  between  1.0pm  and  0.6pm.  The  results 
from  this  calculation  can  give  an  estimate  of  the 
improvement  we  can  expect  from  filling  the  vias.  The 
calculated  via  resistance  is  normalized  to  a  100%  filled 
vias  in  Fig.  1,  thus  the  materials  with  different  resistivity 
used  in  via  filling  will  not  change  the  results. 

As  clearly  can  be  seen  from  Fig.  1,  the  improve¬ 
ment  in  via  resistance  from  filling  the  via  is  at  best  a 
factor  of  two  for  the  smallest  vias  (  0.8pm  by  0.8pm, 
and  1.0pm  deep.)  For  the  1.0pm  cube  vias,  the  contri¬ 
bution  from  the  bulk  via  increases  from  50  mil  to  90 
mfl.  However  a  word  of  caution  is  needed  here,  die 
simulation  program  often  results  in  a  better  step  cover¬ 
age  than  what  we  can  actually  get  from  experiment 
Therefore,  the  improvement  may  be  better  than  a  factor 
of  2  in  reality.  Another  factor  which  is  not  taken  into 
consideration  is  that  significant  contribution  for  high  via 
resistance  may  be  due  to  poor  interface,  whose  proper¬ 
ties  are  not  directly  related  to  the  via  filling  material. 

SAMPLE  simulation  program  shows  that  the  top 
portion  of  the  deposition  profiles  remains  the  same  as 
the  vias  are  filled  (Fig.2).  The  1pm  deep  via  generates 
the  worst  deposition  profile,  with  significant  thinning  at 
sidewalls  and  at  the  bottom  of  the  vias.  As  the  vias  are 
filled,  the  via  depth  becomes  shallower,  but  the  topogra¬ 
phy  for  upper  deposition  profiles  remains  essentially 
unchanged  from  that  of  unfilled  via.  From  the  deposi¬ 
tion  profiles  shown  in  Fig.2,  we  know  the  thinnest  part 
of  metal  film  is  always  near  the  bottom  of  vias.  There¬ 
fore,  for  partially  filled  vias  the  metal  deposition 
profiles  are  completed  before  reaching  the  thinnest 
areas,  then  the  step  coverage  should  improve.  The  step 
coverage,  defined  as  the  ralo  of  the  thinnest  film  thick¬ 
ness  to  the  thickness  on  a  flat  surface,  is  plotted  against 


the  filling  (Fig.3).  The  step  coverage  does  improve  as 
the  via  are  filled,  with  the  steepest  increase  around  60% 
filling.  The  electromigration  performance  in  vias  is 
expected  to  improve  with  better  step  coverage,  since 
less  current  crowding  is  expected. 

Another  advantage  of  via-filling  is  that  the  aspect 
ratios  of  surface  topography  in  the  top  metal  will 
decrease.  A  high  aspect  ratio  on  the  surface  makes 
subsequent  processing  more  difficult,  and  also  excludes 
the  possibility  of  stacking  one  via  over  the  other,  a 
scheme  that  can  save  significant  amount  of  chip  areas. 
SAMPLE  simulation  program  is  again  used  to  snidy  the 
improvement  of  aspect  ratios  (Fig.4).  Since  the  deposi¬ 
tion  profiles  do  not  change  as  the  vias  become  shal¬ 
lower,  the  minimum  opening  of  the  top  metal  does  not 
decrease.  As  a  result,  the  aspect  ratio  decreases  slowly 
as  the  depth  of  the  via  decreases.  Once  the  via  filling 
reach  80%,  the  aspect  ratio  decreases  to  about 
Further  filling  of  vias  can  really  help  to  smooth  the 
remaining  topography. 

From  these  results  it  is  concluded  that  the  filling  of 
via  helps  most  at  around  80%  filling.  A  shallower 
deposition,  e.g.  50%,  will  help  the  electrical  properties, 
but  the  advantages  in  topography  is  not  significant. 
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Via  depth  (pm) 


Fig.l  The  ratio  of  the  via  resistance  of  an  un-filled  via 
to  that  of  a  completely  filled  via  with  two  depth,  1,0pm 
and  0.6pm. 


Fig.2  Deposition  profiles  from  SAM¬ 
PLE  simulation  program  for  partially 
filled  and  un-filled  vias.  The  top  me¬ 
tal  thickness  is  1.0pm  and  the  via 
depth  is  1.0pm.  The  profiles  from 
top  represent  the  metal  film  deposit¬ 
ed  into  a  100%  filled,  80%  filled, 
60%  filled,  40%  filled,  20%  filled. 


Fig.4  The  aspect  ratio  of  a  1.0pm 
metal  film  deposited  into  a  partially 
filled  via. 
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A  planarized  interlevel  dielectric  layer  is  needed  for 
multilevel  interconnection  used  in  VLSI  circuits.  Many 
different  methods  have  been  developed  to  planarize  the 
interlevel  dielectric  layer  for  subsequent  processing. 
Recently,  interlevel  dielectric  planarizing  process  based 
on  Spin-On-Glass(SOG)  has  been  under  intense  study 
because  of  its  simplicity.  Due  to  limitations  in  material 
properties,  a  partial  SOG  etchback  process  is  usually 
used[  1,2].  However,  the  etchback  process  not  only 
increases  process  complexity,  it  also  limits  the  further 
scaling  to  smaller  geometries[3].  A  non-etchback  SOG 
process  is  therefore  highly  desirable. 

For  a  non-etchback  SOG  process,  the  SOG  material 
must  have  good  mechanical  properties  (i.e.  non-cracking 
)  as  well  as  good  dielectric  properties.  Such  a  material 
is  available  commercially.  The  material  properties  were 
determined  by  stress  measurements  and  FTIR  measure- 
ments[4|.  Furthermore,  the  outgassing  properties  of 
SOG  was  determined  in  an  UHV  chamber  (  KT9  Torr 
).  The  cured  SOG  was  found  to  have  negligible  out- 
gassing  up  to  550°C.  This  is  illustrated  in  Fig.l.  How¬ 
ever,  when  this  SOG  material  was  used  in  conjunction 
with  an  LTO  dielectric  layer  in  our  standard  device 
fabrication  process,  signs  of  severe  outgassing  were 
observed.  This  results  in  poor  and  non-uniform  metal 
step  coverage  over  the  via  hole.  Under  optical  micro¬ 
scope,  the  vias  appear  as  dark  circles. 

The  cause  of  this  SOG  outgassing  problem  was 
traced  to  process-material  interactions  rather  than  poor 
properties  of  as  cured  SOG  material.  FTTR  analysis 
after  plasma  processing  for  via  etching  and  resist 
stripping  indicates  dramatically  increased  hydroxyl  con¬ 
tent,  illustrated  in  Fig.2.  By  making  some  changes  in 
wafer  processing  conditions,  such  as  adding  a  high 
temperature  annealing  step  after  via  hole  etching  and  an 
in-situ  sputter  clean  cycle  before  metal  deposition,  the 
outgassing  problem  can  be  eliminated.  Smooth  metal 
step  coverage  over  via  holes  and  good  via  resistance 
have  been  obtained  using  this  non-etchback  SOG  pro¬ 
cess.  Details  of  material  analysis,  processing  condi¬ 
tions,  and  measured  results  will  be  presented. 
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Outgassing  of  Cured  SOG 


Temoerature  (C) 

Fig.l  Temperature-programmed  desorption  of  water 
from  cured  SOG  films.  Bottom  mace  shows  no 
water  desorption  after  curing.  The  mid-trace  shows 
small  amount  of  water  desorption  after  one-hour 
sputtering.  For  comparison,  top  trace  shows  the 
amount  of  argon  desorption  after  sputtering. 


Si-OH 


mvien  olasma  treatment 


Fig.2  FllR  spectra  alter  annealing  and  after  02 
plasma  resist  stripping  process.  The  areas 
corresponding  to  hydroxyl  groups  at  940  cm'1 
increase  dramatically  after  the  oxygen  plasma  treat¬ 
ment. 
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EXTENDED  ABSTRACT 

As  circuit  density  increases  in  VLSI  technology,  the 
limitations  of  conventional  metallization  techniques 
become  more  apparent.  In  general,  polysilicon  based 
interconnects  are  limited  by  their  high  RC  (resistance 
x  capacitance)  delay.  While  sputtered  and  evaporated 
aluminum  (Al)  based  metallurgies  do  not  present  RC  de¬ 
lay  difficulties,  they  have  other  limitations.  The 
limitations  include  the  difficulty  of  achieving  a  con¬ 
formal  deposition,  and  their  relatively  poor  thermal 
and  mechanical  stability  and  electromigrat ion  resist¬ 
ance  properties.  Chemica*  vapor  deposition  of  tungsten 
(CVD  W)  has  been  used  as  a  multilevel  interconnect  in 
an  IBM  DRAM  technology.  This  is  because  CVD  W  does  not 
have  the  aforementioned  limitations  of  Al  systems. 
Figure  1  shows  CVD  W  applied  as  contact,  wiring,  and 
interlevel  via-stud  (1). 

CVD  W  was  deposited  in  a  cold  wall  reactor  by  silane 
and/or  hydrogen  reduction  of  tungsten  hexafluoride. 
No  detectable  difference  in  film  resistivity  and  film 
composition  can  be  found  between  silane  and  hydrogen 
reduced  tungsten  films.  It  was  found  that  silane  re¬ 
duced  tungsten  deposition  readily  becomes  mass  transfer 
limited,  and  insufficient  hole  fill  may  result.  This 
is  due  to  the  higher  deposition  rate  of  the  process 
Process  optimization  did  not  efficiently  improve  hole 
fill.  On  the  other  hand,  excellent  hole  fill  can  be 
obtained  by  hydrogen  reduced  tungsten  deposition.  The 
deposition  rate  is  however  three  times  slower  at  the 
same  temperature,  and  throughput  is  dramatically  de¬ 
creased.  Therefore,  silane  and  hydrogen  reduction 
processes  were  combined  to  optimize  both  hole  fill  and 
throughput.  Figure  2  shows  a  comparison  between  the 
original  hole  fill  and  the  improved  tungsten  hole  fill 
achieved  by  the  new  process. 

The  adhesion  of  CVD  W  on  such  insulators  as 
borophosphero-si 1  icon-glass  (BPSG) ,  thermal  oxide 
(TOX)  and  plasma  enhanced  CVD  oxide  or  nitride  were 
extremely  poor.  An  adhesion  layer  was  required  between 
tungsten  and  the  various  substrate  interfaces.  This 
adhesion  layer  strongly  influences  the  etchability  of 
CVD  W  metallurgy  as  well  as  the  contact  resistance. 
It  has  been  found  that  adhesion  layers  such  as  tungsten 
silicide,  molybdenum,  titanium,  t itan iura/tungsten  al¬ 
loy,  and  sputter  tungsten,  have  either  caused  undercut 
etching  (isotropic)  in  the  tungsten  reactive  ion  etch 
(RIE)  patterning,  or  resulted  in  high  contact  resist¬ 
ance  between  the  CVD  W  and  underlying  conductive 
structures.  T iN  as  an  adhesion  layer  has  been  found 
to  resolve  all  the  concerns  of  etchability,  adhesion, 
and  contact  resistance.  Table  I  compares  the  adhesion 
of  CVD  W  on  non-nitridized  Ti  and  on  TiN.  It  is  impor¬ 
tant  to  note  that  while  various  preclean  techniques  did 
not  improve  adhesion,  nitridation  of  titanium  by 
annealing  improves  adhesion  s ign i f leant ly ■  It  has  also 
been  found  that  reactive  splitter  titanium  nitride  also 
improves  adhesion. 

Table  II  shows  a  comparison  of  CVD  W  contact  resistance 
when  Ti  or  TiN  is  used  as  an  adhesion  layer.  Two  orders 
of  magnitude  improvement  in  contact  resistance  were 
achieved  when  TiN  was  used,  Neither  Ti  annealing  in 
argon  or  post  annealing  after  tungsten  deposition  pro¬ 


vides  any  improvement  in  contact  resistance,  indicating 
that  nitridation  is  essential  for  contact  resistance 
improvement.  The  TiN  can  be  formed  by  either  nitrogen 
or  forming  gas  annealing  of  titanium.  The  lower  con¬ 
tact  resistance  can  be  obtained  by  higher  annealing 
temperatures.  Figure  3  shows  the  relative  nitrogen  to 
titanium  ratio  determined  by  Rutherford  backscatter 
spectroscopy  (RBS) .  The  ratio  at  various  temperatures 
is  normalized  to  the  ratio  at  850* C  annealing  temper¬ 
ature.  The  nitrogen  to  titanium  ratio  increases  as  the 
annealing  temperature  is  increased. 

Solid  phase  interdi f fus ion  thru  contact  barrier  mate¬ 
rials  has  long  been  a  concern  for  contact 
metal lurgies (2 ) .  However,  this  is  probably  not  a  con¬ 
cern  for  the  CVD  W  system.  In  the  current  case,  dif¬ 
fusion  into  the  underlying  conductive  structure  by  the 
reactive  by-product  in  the  CVD  W  reactor  may  be  a  con¬ 
cern.  It  is  interesting  to  note  that  the  TiN  may  be 
acting  as  an  effective  diffusion  barrier  in  situ  in  the 
CVD  W  reactor  to  prevent  by-product  diffusion.  Depth 
profile  by  secondary  ion  mass  spectroscopy  iSIMS)  has 
revealed  a  significant  concent  rat  ion  of  fluorinated 
species  in  the  non-nitridized  Ti  layer  (Figure  4). 
There  was  a  significant  reduction  in  fluorine  concen¬ 
tration  found  for  CVD  W  on  the  TiN  samples.  The  rel¬ 
ative  amount  of  fluorine  is  plotted  as  a  function  of 
nitridation  temperature  in  Figure  5.  This  result  seems 
to  be  consistent  with  the  contact  resistance  data  shown 
in  Table  II,  suggesting  that  the  fluorine  in  the 
underlying  conductive  layer  effects  contact  resistance. 

The  etchability  of  TiS/CVD  V  stack  was  shown  in  Figure 
6.  Here  an  anisotropic  etch  can  be  easily  achieved  by 
using  TiN.  On  the  other  hand,  adhesion  layers  such  as 
tungsten  silicide,  t itan ium/tungsten  alloy,  and  sputter 
tungsten  show  an  isotropic  attack  on  the  adhesion  lay¬ 
ers.  The  tungsten  films  can  be  patterned  by  RIF  in  a 
cli lor inat*»d  or  tiuoi  mated  chemistry  i, J).  It  is  also 
important  to  note  that  for  TiN-CVD  W  metallurgy  used 
for  via-studs,  no  selective  at : a< k  of  the  adhesion 
layer  (on  the  sidewall  of  the  via-stud)  was  found . 

In  summary,  CVD  tungsten  technology  has  been  proven  to 
be  applicable  for  submicron  multilevel  iiu  •  - i.onne-.t 
technology.  TiN  has  been  shown  to  play  a  key  ron  *or 
CVD  tungsten  adhesion,  submicron  pat lernubx 1 ily ,  am 
contact  resistance.  Superior  hole  fill  can  be  obtained 
by  CVD  W  for  via-stud  application  using  a  two  step  V 
reduction  process.  Excellent  results  have  been  ob¬ 
tained  from  process  character izal ion,  electrical  char¬ 
acter  izat  ion  ,  and  reliahlity  stress  lit. 
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APPLICATION  OF  BORON-DOPED  PLASMA  CVD  TEOS 
FOR  INTERMETAL  DIELECTRIC 


Farhad  K.  Moghadam,  Kwang  Suh 
Intel  Corporation 

Submicron  Technology  Development 


The  plasma  deposition  of  boron  doped  TEOS-based  oxide  (BSG)  is  stu¬ 
died  In  a  single  wafer  parallel  plate  CVD  reactor.  The  evaluation  of 
different  process  parameters  on  the  film  properties  indicates  that  RF 
power,  TE0S.02  ratio,  elctrode  spacing  have  a  pronounced  effect  on 
the  resulting  film  properties  (stress,  density,  moisture  absorption). 

The  SIMS  analysis  of  BSG  showed  very  low  carbon  content  (less  than  I 
atomic  %)  and  presence  of  no  other  impurities  was  detected  in  the 
film,  regardless  of  process  conditions. 

The  application  of  moisture  evolution  analysis  (MEA)  technique  to 
different  films  showed  signi/icant  quantity  of  moisture  pickup  (0.55% 
by  weight)  for  the  films  deposited  at  lower  RF  powers  (200  Watts)  as 
compared  with  higher  RF  power  (300  Watts).  The  moisture  outgassing 
was  very  well  correlated  to  OH  peak  observed  in  FTIR  spectrum. 

The  process  paramet  •»*•$  were  adjusted  In  order  to  obtain  a  low  com- 
P'essive  stress  value  (<100  MPa).  The  effect  of  temperature  ramp-up 
and  cool-down  on  the  stress  revealed  the  presence  of  hysteresis  loop 
The  site  of  stress  hysteresis  loop  is  found  to  be  correlated  to  the 
moisture  content  of  the  film.  The  higher  the  moisture  content,  the 
larger  the  loop  As  it  is  shown  in  Fig.l  a  and  b,  the  film  deposited 
at  the  lower  RF  power  showed  the  larger  stress  hysteresis  loop,  con¬ 
sistent  with  FTIR  and  MEA  observations.  The  stress  u»as  observed  to 
change  depending  on  the  time  duration  between  deposition  and  mea 
surement,  film  becomes  more  compressive  as  It  absorbs  moisture.  A 
change  of  200  and  28  MPa  were  recorded  for  200  and  300  Watts  film 
after  one  week  of  post-deposition  storage  at  room  temperature, 
respectiue/y. 

The  wet  etch  rate  in  a  buffered  HF  (BHF)  solutuon  is  measured  to  be 
a  strong  function  of  RF  power  which  actually  affects  the  film 
density.  Higher  RF  power  yields  to  a  denser  oxide  due  to  more 
bombardments,  which  in  turn  leads  to  lower  etch  rate  in  BHF 
In  6.1  HF  acid,  the  measured  etch  rates  for  high  temperature  steam 
grown  oxide.  300  and  200  Watts  BSXj  are.  900, 1200, 1 900  A/min,  res¬ 
pectively. 

The  breakdown  voltages  ( BVG )  of  thin  BSG  films  (800- 1000 A)  showed 
the  values  of  23  MeV/cm,  which  Indicates  low  defect  density  fi  e. 
pinhole-free)  films. 

The  C-V  evaluation  of  different  BSG  films  demonstrates  a  large  posi¬ 
tive  faltband  voltage  shift  fin  excess  of  5V)  for  all  cases  upon  high 
tei,,perature  stress  (250C,  10V  for  15  mins).  This  observation  eludes 
to  the  presence  of  negative  oxide  trapped  charges  (Qot).  A  large 
concentration  of  fast  surface  states  (Qss),  -5E1  Vcm2,  is  also 
mens  red  by  C-V  analysis. 

Th<  BSG  / llm  with  optimum  properties  ( stress ,  density)  was  applied  to 
a  doubl'.  metal  CMOS  process  as  an  intermetal  dielectlc  layer.  The 
process  was  optimized  to  provide  void  free  and  good  planarity  of 
d-electrlc  over  topology.  Via  holes  were  opened  by  wet  etch  In  BHF 
followed  by  RIE  To  complete  the  double  metal  process,  second  layer 
of  metal  was  deposited  and  patterned  Fig. 2  shows  the  via  chain 
resistance  on  topography  for  l.IXI.Jum  vias  It  Is  found  that  200 
Wafts  BSG  has  a  higher  resistance  and  larger  scatter  than  300  Watts 
BSG.  This  Is  due  to  metal  quality  degradation  by  outgassing  of 
dielectric  film  daring  metal  deposition  The  metal  quality 
degradation  was  also  noticed  through  line  resistance  measurements 
as  shown  in  Fig  3  The  metal  line  bridging  test  results  on 
topogrophy  are  shown  In  Fig  4,  low  leakage  current  between  the  lum 
space  metal  lines  is  the  indication  of  good  planarity  for  both 
dielectrics  (200  and  300  Watts  BSG) 
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Fig.l  Stress  Hysteresis  Loop  of  a)  200  Wotts.  b)  300  Watts  BSG 
Films  Large  loop  Is  seen  at  lower  RF  power 
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Fig. 2  Via  Chain  Resistance  Distribution  Plot  for  1.1X1  lum  Via 
Sixe  In  200  and  300  Watts  BSG  Films  Higher  resistance, 
by  two  orders  of  magnitude.  Is  seen  In  200  Watts  BSG, 
compared  with  300  Watts  BSG 
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Etchback  of  CVD  Blanket  Tungsten 
Films  in  a  Hexode  Reactor 

Francine  Y.  Robb  and  Kathleen  W.  Ginn 


was  not  attempted,  however,  as  residue  is 
typically  encountered  when  pure  fluorine 
chemistries  are  used  in  the  presence  of  non- 
etchable  a  1  urn  1 nuw -conta 1 n 1 ng  reactor  materi¬ 
als. 


Motorola,  Inc. 

2200  W.  Broadway  Road 
Mesa,  Arizona.  85202 

The  conformal  step  coverage  of  CVD 
tungsten  (W)  allows  the  filling  of  high 
aspect  ratio  contacts  and  vias  for  VLSI 
circuit  applications.  The  relatively  high 
resistivity  of  tungsten  alone.  limits  its 
use  as  an  interconnect  and  leads  to  contact 
plugging.  Since  numerous  problems  have  been 
encountered  with  selective  deposition  of 
tungsten,  non -se  1  ect  ive  CVD  tungsten  depo¬ 
sition  and  subsequent  etchback  is  studied  as 
an  alternate  way  to  contact  plugging. 


The  primary  goal  of  this  study  was  to 
develop  an  etchback  plug  process  for  CVD 
blanket  W  films  in  a  AME  8130  hexode  system. 
The  process,  as  initially  envisioned,  util¬ 
ized  a  planarizing  resist  layer  to  smooth 
rough  grains  and  allow  the  use  of  large 
underfilled  vias.  A  CF4/Cla/0a  chemistry 
was  chosen  because  of  both  the  published 
success  (1)  of  the  similar  CClaFa/Ga 
chemistry  and  the  availability  of  these 


three 
8130  . 


gases  in  a  standardly  configured  AXE 


RESULTS  AND  DISCUSSION 


Etchback  With  Resist  Screening  experiments 
using  the  CF4/Cla/0a  chemistries  helped  to 
define  which  variables  controlled  the  W-to- 
resist  selectivity,  as  a  1:1  selectivity  is 
essential  for  successful  tungsten  etchback 
in  the  presence  of  a  planarizing  resist 
layer.  The  major  results  from  these 
experiments  included  slow  (<280  A/Min) 
tungsten  etch  rates,  poor  tungsten  etch  rate 
reproducibility.  <1:1  W:resist 
selectlvities,  and  a  "proximity"  effect 
whereby  blanket  resist  films  etched 
significantly  faster  than  resist  fi’ms 
adjacent  to  etching  tungsten  (See  Figure  l). 

The  W  etch  rate  reproducibility  was  af¬ 
fected  by  numerous  variables.  Thicker 
films.  longer  etch  times.  a  BCla 
"breakthrough”  step,  increased  hexode 
temperature  (60°C  vs  45°C)  and  the  use  of 
resist  dummies  (Instead  of  silicon)  Improved 
the  reproducibility  to  <10%  ( 2o  )  . 

Table  I  summarizes  the  results  of  a 
full  factorial  characterizing  the  variables 
(%0a.  %C 1 „ ,  and  pressure)  identified  as  most 
important  (n  the  screening  studies.  Both 
tungsten  and  resist  rates  were  Increased  by 
i 0%  additions  of  either  Cla  or  0a .  A 
comparison  with  screening  data,  which  showed 
that  15-30%  0a  caused  the  W  etch  rate  to 
decrease.  suggests  that  a  maximum  W  rate 
evidently  exists  at  *10%  0a .  In  addition, 
the  use  of  Cla  produced  the  earlier  observed 
resist  "proximity"  effect.  The  W  to-reslst 
selectivity  was  less  than  1:1  in  all  cells, 
ranging  from  0.41  to  0.91. 

The  W  to  resist  selectivity  was 
closest  to  1:1  in  the  cells  with  10%  0a  in 
C  F  4  Routine  use  of  this  C  F  4  0  a  etchback 


Direct  Etchback  (No  Resist)  The  eli¬ 
mination  of  resist  from  the  etchback, 
although  limiting  the  contact/via  size  to 
those  which  can  be  completely  filled  with 
tungsten,  greatly  simplifies  etch  considera¬ 
tions.  with  a  greater  than  3:1  W-to-oxide 
selectivity  the  primary  concern. 

Initial  direct  etchback  studies 
utilized  a  standard  tungsten  etch,  designed 
for  anisotropic  etching  of  W  and  TiW  f  1ms 
underlying  aluminum  in  a  stacked 

metallization.  The  process,  which  uses  a  20 
seem  CF4/20  seem  Cla  mixture,  15  mTorr 
pressure  and  300  Vdc  bias,  produces  a 
tungsten  etch  rate  of  *180  A/min  and  a  less 
than  desired  1. 1-1.5  W-to-PSG  selectivity. 
Etch  back  of  blanket  tungsten  in  such  a  poor 
selectivity  process  produces  rough  PSG 
surfaces,  with  high  PSG  loss. 

Oxygen  addition  to  Cla  was  found  to  im¬ 
prove  the  W-to-PSG  selectivity  to  greater 
than  the  3:1  goal.  Figure  2  shows  that  the 
W  etch  rate  peaks  at  around  10%  0,  In  Cla, 
while  the  W-to-PSG  selectivity  continually 
increases  with  increasing  0a  (due  mainly  to 
decreasing  oxide  rates).  Severe  across-the- 
wafer  non - un 1 f or m  i  1 1 es .  observed  at  *50%  0a  , 
limited  the  maximum  usable  0a.  In  addition. 
Figure  2  shows  that  the  PSG  selectivity  in 
30%  0  a  /  C 1 a  increased  from  6:1  to  12:1  as  the 

etch  time  increased  from  7  to  17  minutes, 
probably  due  to  the  diminishing  effect  of 
residual  BC1«  used  in  the  breakthrough  step. 

Several  loading  effects  were  apparent 
during  the  scale-up  of  a  30%  0a/Cla  process. 
Figure  3  shows  that  the  PSG  rate  increases 
(and  the  W-to-PSG  selectivity  decreases)  as 
the  load  size  is  increased  from  1/2  to  5 
tungsten  wafers.  Thus  tungsten  chloride 
products  evidently  enhance  the  oxide  etching 
ability  of  a  chlorine  plasma.  similar  to 
CCI  4  and  SiCl4.  In  addition.  Figure  4  shows 
that  the  W  rate  is  accelerated  during 
overetch  to  two  times  the  bulk  W  rate.  This 
causes  the  W  plug  to  recess  Into  the 
contact/via  more  rapidly  than  expected. 

CONCLUSIONS 

The  etchback  of  CVD  tungsten  films  for 
contact  plug  applications  using  a  standard 
AME  8130  is  reported.  A  ch  1  or  1  ne  -  i  nduced 
resist  "proximity"  effect  and  generally  very 
low  W-to  resist  selectivity  prohibited  the 
development  of  a  CP4/Cla/Oa  etchback  in  the 
presence  of  a  planarizing  resist.  A  direct 
etchback  (no  resist)  of  totally  filled  con¬ 
tacts  was  developed  utilizing  a  30%  0a/Cla 
chemistry  and  Is  currently  being  tested  on 
device  vehicles.  Concerns  include  an  accel¬ 
erated  W  rate  during  overetch  and  a  batch 
size  dependent  tung9ten-to-PSG  selectivity. 
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Table  X.  Trends  from  the  2*  full  factorial  characterizing  0, /Cl. 
addition  to  a  CF«  plasma  and  pressure  effects  are  summarized  below.  ANOVA 
techniques  were  used  to  analyze  data,  with  a  confidence  (a)  level  of  less 
than  0. 10  selected  for  significance.  A  45  seem  total  gas  flow,  350  Vdc  bias, 
6 0°C  and  all  resist  dummy  wafers  were  used. 


IN0EPEN0ENT  VARIABLES 


XOJ  PRESSURE 


INTERACTIONS 


NONE  DEFINED 


NOTHING  SIGNIFICANT 


l  SURFACES  ROUGH 


F/PATT  RESIST 


BLANKETfP  ATT 


NONE  DEFINED 


0»*PRES  a  =  0.0? 


Figure  1.  The  resist  etch  rates  ob¬ 
tained  in  the  screening  experiments  are  plot¬ 
ted  as  a  function  of  the  tungsten  etch  rate 
measured  in  the  same  run. 


Figure  3.  The  PSG  etch  rate  and  tunq- 
•ten-to-PSG  selectivity  are  plotted  as  a 
function  of  the  number  of  tungsten  wafers  in 
the  etch  system. 


Figure  2.  The  tungsten  end  PSG  rates 
are  plotted  as  a  function  of  □*  addition  to 
pure  Cl* . 


Figure  4.  The  amount  the  tungsten  plug 
has  recessed  into  the  contact  opening  (as 
measured  by  SEM )  is  plotted  ss  a  function  of 
the  overetch  time  in  the  30X  0, /Cl*  process. 
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101S, Kami kodanaka, Nakahara-ku, Kawasaki ,  211,  Japan 
Introduction 

Tn  mul tl level  interconnections,  a  tapered  via 
hole  profile  is  necessary  for  good  metal  coverage. 
Also  via  hole  size  control  is  important  for  recent 
fine  pattern  devices. 

A  tapered  profile  in  SIO,  can  be  obtained  by 
reactive  ion  etching  using  a  resist  mask''’  -  . 

This  technique  makes  use  of  the  controlled  simul- 
tanious  etching  of  the  resist  mask  and  the  SiO,. 
However,  this  technique  is  not  repeatable.  Because 
slope  of  via  hole  depends  critically  on  the  resist 
profile  and  the  etch  rates  of  resist  and  SiO,. 

In  this  work  we  studied  two  step  etch  of  via 
hole.  At  the  first  step,  about  a  half  of  thick¬ 
ness  of  insulator  is  etched  isotropically.  Thus 
slope  of  via  hole  is  made  in  this  step.  At  the 
second  step,  remained  Insulator  is  etched  off  an- 
i sotropi call y.  The  bottom  size  of  the  via  hole  is 
determined  in  this  step.  Since  to  prevent  flow 
of  resist  mask,  the  isotropic  etching  have  to  be 
done  at  low  temperature.  The  conventional  plasma 
etcher  demands  high  temperature  to  etch  SiO,  fast. 
Thus,  this  type  of  etcher  is  difficult  to  use  in 
this  process.  We  find  that  the  down  flow  etcher 
is  suitable  for  this  process.  Through  the  two  step 
via  hole  process  using  down  flow  etcher,  good  step 
coverage  and  low  contact  resistance  were  realized. 

System  description 

The  Isotropic  etching  was  done  with  the  single 
wafer  down  flow  etcher  which  consist  of  plasma 
chamber  and  adjoining  the  etching  chamber.  A  reac¬ 
tive  gas  plasma  is  generated  in  the  plasma  chamber 
by  2.4SGHz  microwave.  In  addition,  the  etching 
chamber  is  shielded  by  the  aluminum  shower  head 
from  the  plasma.  Thus  neutral  active  species  lead 
to  the  etching  chamber.  A  wafer  is  positioned  on 
the  aluminum  stage  in  the  etching  chamber. 

The  wafer  can  be  heated  using  a  resistance  coil 
sotted  in  the  stage.  Stage  temperature  is  monitored 
by  the  thermocouple  attached  to  the  stage.  SiO, 
isotropic  etching  is  accomplished  using  CF, +0,  for 
the  process  gases. 

The  anisotropic  etching  was  done  using  a  typical 
single  wafer  parallel  plate  etcher.  CF.+CHF,  were 
used  for  process  gases. 

Isotropic  etching  characteristic 

Thermal  SiO,  or  H-doped  (HI  by  weight)  PECVO 
SiO,  films  were  deposited  on  4  inches  diameter  51 
wafers.  These  wafers  were  then  coated  with  posi¬ 
tive  photoresi st(NPR-820jKodak) , exposed, developed, 
and  baked  at  120t). 

The  standard  operating  conditions  are: 

CF,  flow  rate  400  seem 
Pressure  1.0  Torr 

microwave  sower  1.0  Kw. 

0,  percentage  in  CF.+0,  gases  mixture  was  varied 
from  0  tn  34*.  The  stage  temperature  was  varied 
from  70  to  175t- 

Figure  1  shows  the  effect  of  0,  concentration 
on  the  etch  rates  of  P-doped  SiO,  and  photoresist 
(at  the  stage  temp.=70t).  In  agreement  with  a 
data  of  another  down  flow  etcher <4>,  the  etch  rate 


of  the  doped  SiO,  is  improved  by  addition  of  0,  to 
CF, .  And  this  improvement  is  saturated  at  over  20* 
0,.  The  etch  rate  of  the  photoresist  Increase 
gradually  with  Increase  of  the  amount  of  0,  in 
process  gases.  Considering  S10,  etch  rate  and 
selectivity  to  the  resist,  we  fixed  the  0,  percen¬ 
tage  to  17. 

Etch  rates  of  SiO,  (thermal  and  P-doped  PECVD) 
and  photoresist,  as  related  to  stage  temperature, 
are  shown  in  Figure  2.  There  is  a  linear  relation¬ 
ship  between  the  etch  rates  and  the  stage  tempera¬ 
ture.  Resist  flow  was  observed  in  the  wafers  etch 
ed  at  over  120T;  stage  temperature.  Thus  we  fixed 
the  stage  temperature  to  110T  • 

The  etch  rate  of  doped  S10,  is  about  4000A/ 
min.  and  the  selectivity  of  doped  SiO,  to  photo¬ 
resist  is  more  than  20. 

Uniformity  of  SiO,  etch  rate  across  the  wafer  is 
within  ±5*. 

Figure  3  shows  the  isotropic  etch  profile. 

Two  step  etch  process 

P-doped  SiO,  with  lum  thick  was  used  for  inters 
level  Insulator.  Contact  test  structure  used  for 
electrical  measurement  consist  of  1.4um(D  and 
2.0umQ  "via  string”.  The  "via  string"  has  11120 
or  50000  vias  which  conected  in  series. 

The  isotropic  etching  depth  was  varied  from  0 
to  O.B  um.  Figure  4  shows  the  "via  string" 
resistance  as  related  to  the  isotropic  etching 
depth.  The  "via  string*  resistance  is  improved 
by  Increase  of  the  isotropic  etching  depth. 

Figure  5  shows  the  via  profile  which  formed 
by  two  step  etching. 

With  this  process,  we  obtained  good  metal  cove¬ 
rage  and  low  contact  resistance.  The  bottom  size 
of  via  hole  do  not  Increase  from  the  size  of  resist 
mask.  This  process  has  good  repeatability  and 
productvi 1 ity. 
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Introduction 

Anisotropic  Reactive  Ion  Etching  (RIE)  of  organic  polymeric 
materials  is  becoming  increasingly  important  in  both  VLSI  and  advanced 
packaging  applicattons  for  via  formation  in  dielectric  layers.  Film 
thicknesses  may  range  from  1pm  to  more  than  10pm. 

A  number  of  different  masking  techniques  have  been  used  to  pattern 
the  61ms.  Trilayer  structures  typically  involve  a  plasma  enhanced  vapor 
phase  deposition  (300*C)  of  an  inorganic  material  (silicon  oxide  or  nitride) 
above  the  organic  film.  The  inorganic  layer  is  patterned  with  a 
conventional  resist  and  RIB  is  used  to  transfer  the  pattern  through  both  the 
inorganic  and  organic  layers1.  Considerable  simplification  of  t tx  process 
results  if  the  resist  material  itself  is  resistant  to  oxygen  plasma.  In  this  case 
the  resist  should  contain  an  inorganic  component  which  oxidizes  during  the 
course  of  the  organic  layer  subetch  so  as  to  form  a  stable  mask.  Other 
investigators  have  shown  bow  the  addition  of  silicon  to  the  resist  increases 
the  RIE  stability  to  a  point  where  it  becomes  useful  for  patterning  relatively 
thin  organic  films2-3,  . 

Experimental  Results  and  Discussion 

In  this  work  we  have  added  a  noo  silicon  inorganic  species  to  a 
conventional  positive  photoresist3  and  used  the  material  to  pattern 
polyimide  films  which  are  as  thick  as  8pm.  The  inorganic  source 
compound  is  simply  added,  in  the  appropriate  amount,  to  the  resist  to  form 
astable  mixture  having  an  indefinite  shelf  life.  It  may  be  spin  applied, 
exposed,  and  developed  in  the  conventional  way. 

Figure  1  shows  the  etch  characteristics  of  the  modified  resist.  The 
etch  tool  used  to  transfer  the  pattern  was  a  high  rate  magnetron  system 
designed  and  developed  at  the  Microelectronics  Center  of  North  Carolina6. 
A  flow  of  50  seem  N2  and  10  seem  02  at  1200  watts  gives  an  etch  rate  on 
polyimide  of  approximately  7kA/min. 

In  the  Figure,  the  film  thickness  which  remains  after  etching  is  shown 
by  the  data  points  and  full  curve.  For  reference,  the  result  for  unmodified 
resist  is  shown  by  the  dashed  line.  The  data  to  Figure  1  was  obtained  using 
a  resist  material  which  contained  10%  by  weight  of  the  inorganic  material. 

Figure  2  is  an  SEM  micrograph  which  shows  the  modified  resist  layer 
intact  above  a  4pm  polyimide  layer7  which  has  been  overetched  100% 
using  the  same  etch  process  as  Figure  1.  The  resist  layer  in  Figure  2  shows 
no  sign  of  cracking  and  remains  soluble  after  etching  in  commercially 
available  stripping  solutions8. 

In  contrast  to  the  results  shown  in  Figures  1  and  2.  if  an  insufficient 
amount  of  inorganic  is  retained,  the  modified  resist  etches  much  more 
quickly  and  eventually  breaks  up  even  under  relatively  mild  RIE 
conditions. 


Although  the  main  focus  of  this  presentation  will  be  the  oxygen  RIE 
characteristics  of  the  modified  resist,  a  brief  discussion  of  the  chemical  and 
photolithographic  properties  of  the  material  will  also  be  given. 
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Figure  1:  Etch  performance  of  the  modified  resist.  The  fell  curve  and  data 
points  represent  the  film  thickness  remaining  after  etching  for  the 
times  shown  on  the  abcissa.  The  dashed  line  shows  the  same 
result  for  unmodified  resist. 


Figure  2  The  modified  resist  and  resulting  polyimide  pattern  after  a  100% 
overetch  of  the  polyimide. 
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The  continued  downscaling  of  device  dimensions  and  the  use 
of  shallow  junctions  has  resulted  in  lowering  of  the  processing 
temperatures  to  below  950-C.  This  has  permitted  the  use  of 
Group  VIII  metal  silicides  for  gate  level,  and  interconnection 
and  also  as  contact  metallization.  Of  these  slhcides,  CoSi;  of- 
fers  the  greatest  advantages  with  its  low  resistivity  (-15  /itt-cm 
in  a  polycrystalline  thin  film)  and  its  ease  of  adaption  into  ex¬ 
isting  processes.  In  addition  it  can  be  formed  m  a  ^  aligned 
manner  [11.  Simultaneously,  rapid  thermal  annexing  (RTA)  has 
emerged  ak  a  technology  tailored  for  submicron  dimensions  and 
shallow  junctions.  RTA,  with  its  high  heating  rates  and  short 
annealing  times,  restricts  dopant  redistribution,  and  so  has  ap¬ 
plication?  in  metallization,  contact  alloying,  thin  gate  dielectrics 
planarization  and  in  implant  activation  and  anneal.  In  view  ot 
the  applicability  of  CoSi,  and  of  the  RTA  process  a  study  of 
the  kfnetics  of  formation  of  CoSi,  by  RTA  »as,unnd,er‘|‘kh“ho'ne 
this  paper  the  results  of  this  study  are  presented  and  with  those 
obtained  after  annealing  in  a  conventional  furnace. 


Boron  doped  (100)  Si  wafers,  with  a  typical  resistivity  of 
~20  f!  cm  were  subjected  to  RCA  clean.  These  were  then  back- 
sputter  cleaned,  in  situ,  to  remove  approximately  100A  from 
the  surface.  Approximately  1000.4  cobalt  was  then  mutter  de¬ 
posited.  Specimens  from  these  wafers  were  then  annealed  m  t he 
AG210T  Heatputse  unit  at  temperatures  ranging  from  4UU  O 
to  650*0,.  for  times  ranging  from  10  to  60  sec.  The  annealing 
ambient  was  ultrapure  Argon.  Phase  changes  and  growth  were 
monitored  using  x-ray  diffraction  and  sheet  resistance  measure¬ 
ments.  At  the  early  stages  of  annealing,  our  x-ray  dilfraction 
results  indicate  the  growth  of  C0S1  from  Co,Si,  with  the  latter 
still  in  contact  with  the  unreacted  Co.  Thus  CoSi,  CojSi  and 
Co  were  coexisting  together  contrary  to  the  findings  of  both  fur¬ 
nace  annealing  [2]  and  RTA  [3],  Also,  CoSi,  was  observed  to 
form  at  temperatures  as  low  as  450’C,  almost  100”C  lower  than 
the  temperature  of  formation  of  CoSij  in  furnace  anneals,  f 'gl¬ 
ares  1  and  2  show  the  CoSij  growth  rate  data.  A  t1  dependence 
of  the  growth  is  observed  (Fig.  l).  Figure  2,  a  Arrhenius  type 
plot,  gives  an  activation  energy  of  0.83  ev  compared  to  the  value 
2.6ev  reported  in  Ref.  2.  Similar  results  were  obtained  using  the 
sheet  resistance  measurements, 

A  t'fj  dependence  of  the  silicide  growth  indicates  a  diffusion 
controlled  mechanism  during  RTA,  similar  to  that  reported  for 
furnace  annealing.  The  early  formation  of  the  dis.hcide  van  be 
attributed  to  the  observed  decrease  in  the  activation  energy.  1  he 
mechanisms  that  would  cause  such  a  lowering  of  the  activation 
process  will  be  discussed. 
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Figure  1 :  Growth  of  Cobalt  disilicide 
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Introduction 

The_ titanium  silicide  formation  can  be  affected 
depending  on  the  type  of  dopant  and  implanting  condi- 
tionsC1*2).  Additionally,  the  formation  process  in¬ 
duces  a  dopant  loss  and  the  redistribution  mechanism  is 
related  with  the  dopant  type(3«4).  Resides  the  influ¬ 
ence  of  the  dopants  itself  on  the  silicide  formation, 
the  influence  of  impurities  like  oxigen  and  carbon  has 
been  adressed(5"7) .  Oxigen  present  in  the  annealing 
ambient  can  oxidize  the  titanium  surface.  This  problem 
can  however  be  minimized  by  means  of  the  use  of  rapid 
thermal  processing!8"10) . 

Within  the  large  amount  of  publications,  however, 
contradicting  results  are  reported,  related  to  phases 
formed  and  to  the  influence  and  behavior  of  dopants. 

In  this  paper  titaniun  silicide  formation  on 
lightly  doped  and  heavily  arsenic  surface  doped  silicon 
wafers  is  studied  considering  temperature  and  time  of 
rapid  thermal  processing.  Also  the  arsenic  behavior 
during  silicide  formation  is  studied. 

Experimental  Procedure 

The  substrates  used  in  this  study  were  p-type  sill 
con  wafers  with  (100)  orientation  and  resistivity  of 
5-25flcm.  The  wafers  were  gathered  in  four  series,  as 
shown  '.n  Table  l,  according  to  the  arsenic  ion  im¬ 
plantation  and  annealing  conditions. 

After  these  initial  sample  preparation  steps  the 
wafers  were  dipped  in  diluted  HF  and  loaded  in  a  RF 
sputtering  equipment.  Titanium  films  were  deposited 
with  film  thickness  between  40  and  48nm.  All  RTP  steps 
(ion  implantation  annealing  and  silicidation)  were  done 
in  a  home  made  graphite  heater  with  vacuum  of  about 
5.10‘6  TorrOO.  The  RTP  times  mentioned  in  this  work 
include  the  temperature  rise  time. 

The  processed  samples  were  characterized  by  four 
point  probe,  XRD,  RBS  and  AES. 

Results  and  Discussion 

Figure"  T  shows- the  final  sheet  resistance  of 
samples  of  series  A  and  R  processed  at  55fl°C,  600°C  and 
7U(M2.  The  sheet  resistance  of  samples  processed  at 
800°C  are  depicted  in  figure  2,  including  samples  of 
series  A,B,C  and  D. 

Initially,  for  short  times,  the  sheet  resistance 
increases,  oxigen  and  carbon  are  incorporated  in  the 
film,  as  observed  by  AES,  and  a  non-well  defined  phase 
is  formed  with  XRD  peaks  possibly  corresponding  to 
Ti<.Sij,  Ti^Si^,  TiSi  or  Ti  phases. 

For  longer  treatments  at  550°C,  600°C  and  700°C 
the  sheet  resistance  has  an  intermediate  value  and  a 
three  layer  film  is  observed.  Figure  3  shows  the  Auger 
depth  profile  of  the  sample  of  series  B  processed  at 
55O°C-240s.  The  films  are  composed  of  layers  of  TiSi > 
with  C49  structure,  TiSix  with  x  close  to  1  and  TiOx  on 
the  outer  surface.  The  thickness  of  the  TiSix  layer  de 
creases  with  increasing  temperature  while  the  thickness 
of  the  TiSi2  increases  with  a  concomitant  repulsion  of 


oxygen  and  carbon.  The  TiSii  “  C4D  phase  was  iden¬ 
tified  by  means  of  XRD  while~the  Si/Ti  ratio  of  “2  was 
confirmed  by  AES  and  RBS  analysis.  From  RBS  analysis 
of  samples  of  series  A  and  B  with  sheet  resistance  in 
the  intermediate  value  it  was  observed  that  thinner 
TiSi2  “  C49  layers  are  formed  when  an  arsenic  n+  junc¬ 
tion's  present.  This  result  is  in  accordance  with 
earlier  publications!1"3  »l° ,12 ,u) . 

At  700°C  treatments,  the  TiSi2  phase  transforms 
its  structure  from  C49  to  C54  after  a  time  between  60s 
and  90s  (Fig.l),  when  a  lower  sheet  resistance  is  ob¬ 
tained.  This  transformation  occurred  earlier  for  sili- 
cides  formed  on  n+  arsenic  juncti-ns  indicating  that 
arsenic  eases  this  phenomenum. 

For  silicidation  treatments  at  800°C  (Fig. 2),  the 
TiSi2  -  C54  phase  is  promptly  obtained  after  the  in¬ 
itial  stage. In  this  case  the  influence  of  the  arsenic 
layer  on  the  silicide  formation  was  less  evident. 

For  silicidation  treatments  at  550°C  and  600°C  no 
snowplow  effects  was  observed  and  a  small  loss  of 
dopant  occurred.  This  led  to  a  decrease  of  up  to  20% 
of  the  maximum  concentration.  However  for  silicidation 
treatments  at  800  °C  a  snowplow  effect  was  observed 
for  very  short  times  (-5s)  at  which  no  TiSi2  phase 
was  formed.  For  longer  times,  when  the  TiSi?  -  C54 
phase  is  formed,  an  increasing  arsenic  loss  &  observed. 
This  led  to  a  decrease  of  the  maximum  concentration 
of  70’o  for  the  32s  treatment.  The  dopant  behavior  at 
800QC  is  depicted  in  figure  4  for  the  samples  of  series 
C  after  the  titanium  silicide  stripping. 

Conclusion 

A  correlation  between  the  film  phase  composition 
and  the  RTF  treatments  in  vacuum  was  shown.  Arsenic 
dopant  loss  was  observed  for  different  RTP  conditions. 
Arsenic  snowplow  effect  was  noticed  for  short  treat¬ 
ments  at  higher  RTP  temperatures. 
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FIG.  I  -  Final  sheet  resistance  as  a  function  of 

silicidation  annealing  time  at  550°C,  600°C 
and  70C°C  of  samples  of  series  A  and  B. 


FIG.  2  -  Final  sheet  resistance  as  a  function  of 
silicidation  annealing  time  at  R00°C  of 
samples  of  series  A,B,C  and  D. 


Table  I  -  Conditions  of  sample  preparation. 
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Si02 
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time  by 
RTF  at 
1100°C 
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in 

BHF 

Sheet 
Resis¬ 
tance 
of  n* 
junc¬ 
tion 

(Q/o) 

A 
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100 

20 
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7. Ox  10,s 
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10 
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36±2 
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20 
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19.8  ±0.5 
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FIG.  3  -  Auger  depth  profile  of  a  sample  of  series  B 
after  silicidation  anneal  at  550°C  for  240s. 


300  320  340  360  300 


CHANNEL  NUMBER 


FIG. 4  -  RBS  spectra  of  arsenic  concentration  of 
samples  of  series  C  as  a  function  of 
silicidation  annealing  time. 
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Abstract  No.  265 

THERMAL  RESPONSE  OF  CHARGE  DECAY  IN 
SILICON  OXYNITRIDE  FILMS 

Samuel  L.  Miller  and  Theodore  A.  Dellin 
Sandia  National  Laboratories 
Albuquerque,  NM  87185 


Silicon  Nitride  Oxide  Silicon  (SNOS)  nonvolatile 
memories  are  experiencing  an  Increased  use  In 
commercial  and  weapon/space  applications.  Improving 
data  retention  in  SNOS  transistors  is  Important  In 
both  of  these  application  areas.  For  commercial 
applications,  improving  retention  will  make  It  easier 
to  scale  down  the  transistor  dimensions  to  those 
required  In  higher  density  EEPROMs .  For  weapon/3paoe 
applications,  Improving  retention  will  allow  EEPROMs 
to  operate  in  radiation  and  extended  thermal 
environments. 

The  data  retention  of  SNOS  transistors  is  determined 
by  the  charge  trapping  and  transport  properties  of  the 
insulating  films.  The  data  retention  can  be  Improved 
by  optimizing  the  composition  and/or  geometry  of  the 
memory  stack  dielectrics.  The  purpose  of  the  present 
paper  is  to  describe  the  improvement  in  the  data 
retention  that  results  from  substituting  silicon 
oxynitride  for  silicon  nitride  in  SNOS  transistors. 

The  nitride  and  oxynitride  transistors  were  processed 
in  Sandia’s  CMOS  nonvolatile  memory  process.  The  N- 
channel  SNOS  transistors  were  fabricated  in  a  p-well 
with  a  surface  doping  concentration  of  3El6/cm  •  A 
16A  tunnel  oxide  was  then  grown  by  a  15  minute,  600°u 
dry  oxidation.  This  is  followed  by  a  750°C  LPCVP 
process  that  deposits  either  250A  of  silicon  nitride 
(9:1  NH,:DCS)  or  250A  of  silicon  oxynitride  (7:3:4 

NH , : DCS : N 20 ) .  Next,  a  top  capping  oxide  was  grown 

with  a  3  hour,  900°C  steam  oxidation.  Then,  a 
polysilicon  gate  was  deposited,  degenerately  doped  and 
patterned  to  a  gate  length  of  -4  microns.  Later  in 
the  process  when  the  contacts  are  opened,  the 
transistors  are  annealed  for  1  hour  at  900°C  in  100$ 

H  2  • 

The  writing/erasing  and  data  retention  properties  of 
the  SNOS  test  transistors  were  measured  on  an 
automated,  multiplexed  te3t  system.  In  EEPROMs,  no 
bias  is  applied  to  the  SNOS  gate  during  storage  or 
reading.  Therefore,  to  simulate  conditions  in  the 
EEPROMs,  the  transistors  were  stored  with  the  gate  and 
substrate  grounded. 

The  oxynitride  transistors  are  slower  in  writing  and 
erasing  than  the  corresponding  nitride  transistors  for 
short  pulse  widths.  This  Is  presumably  due  to  a 
difference  in  the  charge  tunneling  barrier  height. 

The  substitution  of  oxynitride  for  nitride  has  been 
shown  to  primarily  affect  two  aspects  of  charge  decay, 
both  of  which  result  in  significantly  improved 
retention  properties.  Of  greatest  Impact  is  the 
significantly  reduced  decay  rate  and  thermal 
activation  of  excess  trapped  holes  (negative  threshold 
state).  This  combination  of  properties  significantly 
improves  data  retention  for  the  excess  hole  logic 
state  in  practical  applications  requiring  long 
retention  in  environments  spanning  a  wide  temperature 
range.  Retention  experiments  spanning  the  temperature 
range  of  -55°C  to  ♦150°C  have  been  performed. 

The  second  aspect  of  the  charge  decay  properties  which 
differs  significantly  between  silicon  nitride  and 
silicon  oxynitride  is  the  degradation  resulting  from 
endurance  cycling.  The  primary  effect  of  cycling  for 
both  dielectrics  is  associated  with  the  excess  hole 


state;  the  decay  rate  increases  with  increasing  number 
of  write/erase  cycles,  resulting  in  premature  loss  of 
data.  Though  the  decay  rate  of  holes  trapped  in 
silicon  oxynitride  does  increase  with  increased 
cycling,  the  magnitude  of  the  degradation  is 
considerably  less  than  that  of  silicon  nitride  for  the 
range  of  endurance  cycling  investigated  (up  to  10000 
cycles) . 

While  the  oxynitride  improves  the  performance  of  the 
excess  hole  memory  state,  it  has  no  significant  effect 
on  the  excess  electron  memory  state.  The  decay  rate, 
thermal  activation,  and  cycling  response  of  the  excess 
electron  state  is  nominally  the  same  for  both  the 
nitride  and  oxynitride  samples.  This  reinforces  our 
previous  observation  that  the  excess  electron  and 
excess  hole  states  are  not  symmetrical,  but  involve 
different  physical  processes. 

A  single  oxynitride  composition  was  evaluated  in  the 
present  study.  It  may  be  possible  to  produce  further 
improvements  in  the  data  retention  by  optimizing  the 
chemistry  and/or  deposition  conditions  of  the 
oxynitride  films. 
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ISSUES  ON  SILICON  OXYNITRIDE  FILMS 
H.  J.  Stein 

Sandia  National  Laboratories 

Albuquerque,  New  Mexico  87185 

There  is  an  increasing  interest  in  thin  amorphous 
oxynitride  films  for  dielectrics  in  microlectronics 
[1].  Compositions  for  these  films  can  be  varied 
continuously  from  Si^N,  to  S102  including  Si2N20  [2] 
of  crystalline  oxynitride.  New  methods  of  film  growth 
and  processing  have  been  introduced  in  response  to  the 
expanded  interests  [1].  For  example,  ion  implantation 
of  combinations  of  0  and  N  has  been  explored  as  a 
method  for  producing  a  buried  dielectric  layer  in  Si. 
Nitrided  thin  oxide  films  and  oxidized  thin  nitride 
films  on  Si  are  new  thrusts  toward  engineering  of  thin 
dielectric  layers  for  specific  applications. 
Chemical  vapor  deposition  (CVD)  and  plasma  (or  photo) 
enhanced  CVD  continue  to  be  improved  and  remain  the 
primary  methods  for  oxynitride  film  growth. 

There  are  several  interrelated  issues  on 
oxynitride  films:  1)  growth  processes,  2)  composition 
and  structure,  3)  stability  and  reconstruction,  A) 
impurity  diffusion,  5)  charge  trapping  and  transport, 
6)  band  structure,  and  7)  electronic  levels.  The  most 
extensive  studies  have  been  made  on  composition  and 
structure  where  information  from  element  analysis  and 
chemical  bonding  have  been  combined  to  infer  film 
structure.  Rand  and  Roberts  (3)  concluded  in  early 
studies  that  reacting  silane,  nitrous  oxide  and 
ammonia  on  a  Si  surface  produced  a  thin  insulating  Si, 
0,  N  polymer,  rather  than  a  mixture  or  codepo.?it  of 
Si02  and  Si.N^.  Further  studies  [1,4,5]  of  deposition 
characteristics,  Si  fraction,  chemical  bonding  of  H, 
and  film  properties  have  supported  the  general 
conclusion,  and  have  indicated  polymeric  transitions 
with  changes  in  atomic  composition.  Illustrated  in 
Pig.  1  are  ratios  of  (0  +  N)/Si  and  of  percent  H 
versus  percent  0  for  oxynitride  films  formed  by  plasma 
enhanced  CVD  (PECVD)  [6],  atmospheric  pressure  CVD 
(APCVD) ( A } ,  and  low  pressure  CVD  (LPCVD)  [7]. 
Measurement  techniques  utilized  in  such  studies 
include:  ion  beam  analysis,  Auger  Electron 
Spectroscopy  (AES)  and  infrared  spectroscopy  (Ir). 
These,  and  other  studies,  have  shown  that  the  H 
concentration  goes  through  a  maximum  on  the  N-rich 
side.  The  (0  +  N)/Si  ratio  increases  markedly  in  all 
materials  between  0  and  30  atomic  percent  of  0. 
Substitution  of  N-H  for  0  to  switch  from  a  nitride¬ 
like  to  an  oxide-like  structure  below  30  atomic 
percent  0  was  suggested  to  explain  the  increase  in  (0 
+  N)/Si  ratio  for  APCVD  N-rich  oxynitride.  The  N-H 
concentration  Is  too  small,  however,  to  satisfy  the 
substitution  for  0  concentrations  >  10  atomic  percent, 
except  in  PECVD  films  where  N-H  decreases  in  direct 
proportion  to  the  increase  in  0  above  25  atomic 
percent.  The  PECVD  films  exhibited  electron  spin 
resonance  signals  attributed  to  Si  clusters  [8], 
which,  together  with  the  high  concentration  of  H,  can 
explain  the  low  value  for  (0  +  N)/Si  ratios  in  the 
PECVD  films.  The  ratio  trend  toward  2.0  is  apparent 
in  LPCVD  oxynitride  even  though  N-H  concentrations  are 
lower  than  those  in  APCVD  films.  Thus,  there  may  be  a 
significant  difference  between  the  structure  of  PECVD 
films,  where  N-H  replacement  of  0  can  be  satisfied, 
and  LPCVD  oxynitride  fiLms. 

Reramerie  and  coworkers  (9 J  used  combinations  of 
the  three  infrared  absorption  spectra  sketched  in  the 
lower  half  of  Fig.  2  to  fit  observed  spectra  through 
the  stretch  frequencies  for  Sl-N  and  Si-0  bonds  In 
oxynitride  films.  Their  observed  spectra  for  N  -  0  and 
for  0/(N  +  0)  equal  to  0.03  and  0.55  are  sketched  in 
the  top  half  of  Fig.  2  where  the  three  general 
features  of  the  fitting  spectra  are  apparent.  The 
authors  labeled  the  intermediate  frequency  spectrum  as 
SiO  but  emphasized  that  this  absorption  feature  is  not 
necessarily  an  indication  of  a  separate  phase  since 
different  structural  and  electronic  environments  can 
shift  absorption  frequencies.  While  only  three 
components  were  used,  it  is  a  minimum  requirement  for 


fitting  and  there  may  be  other  contributions . ^For 
example,  absorption  between  900  and  1000  cm  in 
crystalline  Sij^O  has  been  assigned  [2]  to  Si-N 
vibratiors  in  5i-N  rings  connected  by  0.  In  addition, 
the  three  component  fitting  does  not  explain  (N  + 
0)/Si  ratios  in  N-rich  oxynitride.  Studies  of  N  in 
crystalline  Si  [10}  indicated  the  predominant  mode  for 
N  bonding  into  Si  is  N-N  pairs,  and  that  0  will  bond 
in  sites  adjacent  to  the  pairs.  Thus,  pairing  of  N 
bonded  to  Si  is  a  possible  explanation  for  large  (0  + 
N)/Si  ratios  in  N-rich  oxynitrides. 

Another  aspect  of  the  question  of  structure  is 
reconstruction  under  annealing.  Plasma  hydrogenation 
of  APCVD  silicon  nitride  after  annealing  produced  a 
re introduction  of  H  fll),  and  the  results  were 
interpreted  as  an  indication  of  nonreconstruction. 
Partial  rehydrogenation  of  nitride  films  in  molecular 
H  has  also  been  observed  [12).  One  the  other  hand, 
films  density  upon  annealing  which  is  an  indication  of 
reconstruction.  Reconstruction  and  hydrogenation  in 
oxynitride  films  are  not  well  understood,  and  they  are 
important  in  Si  device  processing  (13). 

Relating  electrical  characteristics  to  film 
composition  and  structure  is  especially  challenging 
[14,15).  Trapped  charge  density  and  decay  rates  for 
electrons  and  holes  versus  0/(0  +  N)  ratio  from  the 
work  of  Maes  et  al.  [15]  for  polysilicon/LPCVD- 
oxynitride/tunnel ing- oxide/Si  structures  are 

illustrated  in  Fig.  3.  The  trapped  charge  density 
injected  with  equal  oxide  fields  decreased  with 
increasing  0  content,  particularly  for  ratios  greater 
than  0.2.  This  was  interpreted  [15]  as  a  decrease  in 
trap  concentration  with  increasing  0  concentration. 
Decay  rages  for  small  trapped  charge  concentrations 
after  10°  vrlte/erase  cycles  (Fig.  3)  show  marked 
changes  for  ratios  above  0.35,  and  the  authors 
suggested  deeper  active  charge  traps  to  explain  the 
effects.  A  factor  of  two  decrease  in  the  decay  rate 
for  holes  with  increasing  ratio  between  0  and  0.35  was 
shown  for  larger  injected  charge  concentrations ,  while 
the  decay  rate  for  electrons  remained  relatively 
constant.  Measurements  of  the  memory  window  center 
indicated  an  increase  in  net  negative  fixed  charge 
with  an  increase  in  0  content. 

Theoretical  calculations  [16]  on  band  structure 
and  band  gap  levels  foe  silicon  nitride  and  oxynitride 
provide  a  general  guide  for  discussing  relationships 
between  composition  and  electrical  properties. 

Silicon  dangling  bonds  and  Si-Si  bonds  are  candidates 
-  dt-’"  -"-^•’ctance  Increases  with 

excess  Si,  and  theory  indicates  levels  within  the  gap 
for  these  defects [16].  Hydrogen  affects  the  net 
trapped  charge  either  by  passivating  existing  centers 
or  by  introducing  additional  centers  through 

interactions  with  Si  or  N.  A  discrepancy  exists, 
however,  between  trap  concentrations  on  the  order  of 
10  cm*3  exercised  electrically  and  impurity 
concentrations  (eg,  H  and  Cl)  which  tend  to  be  two  or 
three  orders  of  magnitude  higher.  Hughes  [17] 

suggested  actual  trap  concentrations  can  be  orders  of 
magnitude  larger  than  electrical ly- alterable 

concentrations,  and  that  electrical  measurements  only 
detect  a  net  difference  in  trapped  charge.  Large  trap 
concentrations  can  explain  small  mobility- 1 ifet iroe 
(nr)  products,  and  small  differences  in  mobility  for 
electrons  and  holes  can  explain  net  trapped  charge  at 
equilibrium  [17] . 

In  summary,  there  is  a  large  quantity  of  data 
available  in  the  literature  on  oxynitride  films. 
Understanding,  however.  of  the  composition  and 
structure  for  films  prepared  by  different  methods,  and 
of  relationships  between  structure  and  electrical 
properties  is  still  in  an  early  stage. 


This  work  performed  at  Sandia  National  Laboratories, 
supported  by  the  U.  S.  Department  of  Energy  under 
Contract  *DE- AC04 • 76DP00789 . 
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FIGURE  1.  Ratios  for  (0  +  N)/SL  and  percent  H  versus 
percent  0  in  oxynitride  films  deposited  by  different 
Chemical  Vapor  Deposition  Methods. 
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FIGURE  2.  Infrared  absorption  spectra  for  different 
atomic  compositions  of  LPCVD  oxynitride  films,  and 
three  component  fitting  spectra  from  Ref  9. 
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FICURE  3.  Trapped  charge  density  for  equal  oxide 
fields  and  decay  rates  versus  0/(0  ♦  N)  ratios  in 
polysilicon/LPCVD-oxynitride/tunnel  oxide  nonovolatile 
memory  structures.  Decay  rates  are  for  a  small 
trapped  charge  density  after  cycling. 
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DEGRADATION 
USING  THE 
FLOATING  GATE  TECHNIQUE 

Albert  K.  Henning 
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Hanover.  NH  03755 

INTRODUCTION 

The  ultimate  goal  in  Si  MOSFET  technology  development  is  to 
simulate,  with  physical  accuracy,  all  important  device  aspects,  from 
fabrication  through  operation  to  reliability.  Achievement  of  this  goal 
results  in  faster  overall  process  development,  combined  with  reduced 
exposure  to  the  high  costs  of  actual  manufacture.  To  achieve  physical 
accuracy,  simulations  must  be  done  with  2-D  or  3-D  simulator  toots,  on 
the  microscopic  level.  In  terms  of  MOSFET  device  design  for  hot 
carrier  resistance,  such  simulators  seek  to  predict  processing  effects 
on  substrate  current  [1.2],  gate  current  [3.4],  and  eventually 
interface  degradation  (5,6). 

No  simulator  can  stand  on  its  own,  however:  it  must  rest  on 
accurate  measurement.  Previous  work  has  explored  gate  current 
measurements  (7-1 QJ  and  interface  degradation  [11-13)  as  separate 
phenomena.  This  work  investigates  the  interconnection  of  the  two 
measurements,  and  its  effect  on  gate  current  and  interface  degradation 
simulation. 

CHARACTERIZATION 

The  floating  gate  technique  (8,9)  was  used  to  measure  gate 
current  in  NMOS  FET'S  at  300K  and  80K  [7J.  Figure  1  shows  a  sample 
of  the  data.  Figure  2  shows  a  raw  data  curve  of  l^g  vs  time,  from 
which  one  of  the  data  points  in  Figure  1  was  extracted.  The  extraction 
procedure  involves  the  equation 

dV.dL. 

The  raw  data  curve  can  be  broken  down  into  four  parts  First  is 
the  t<0  region,  where  the  gate  has  not  been  set  floating,  and  changes  in 
Iqs  are  due  ,0  healing  (assuming  no  threshold  or  mobility  changes  are 
occuring).  Second,  just  as  the  gate  probe  is  lifted  to  set  the  gare 
afloat,  a  current  transient  occurs  due  to  the  removal  of  the  probe 
capacitance  from  the  floating  gate  circuit.  Third,  the  active  device 
begins  to  charge  or  discharge  the  floating  gate,  depending  upon  the  sign 
of  the  gate  current  flowing  from  device  channel  to  floating  gate 
Finally,  the  slope  dlpg/dt  decreases  from  its  value  at  f=0. 

At  high  current  levels  (9).  this  change  in  slope  results  merely 
from  the  expected  change  in  Iq  with  changing  Vq.  However,  at  low 
current  levels.  Iq  decreases  far  more  rapidly  than  would  be  expected 
from  the  Iq  vs.  Vq  characteristic.  This  may  be  seen  in  Figure  3  Here, 
the  starling  floating  gate  voltage  is  approximately  6.5V.  However,  the 
logarithmic  slope  of  Vq  vs.  Iq  is  80mV/decade;  while  the  expectation 
from  the  full  gate  current  curve  is  nearly  1 0OOmV /decade. 

The  full  set  of  data  from  which  the  Vq=2.5V  curve  is  extracted 
is  shown  in  Figure  4.  The  data  of  Figure  1  is  also  plotted  for 
comparison.  Figure  S  shows  gate  current  derived  using  the  continuous 
method  of  Saks,  e t  al.  (9).  In  particular,  it  snows  the  transition  from 
the  high  gate  current  regime,  unaffected  by  growing  interface  charges, 
and  the  low  gate  current  regime,  very  much  affected  by  the  interface 
character. 

OfSCUSSION 

The  steep  slopes  seen  in  the  low  gate  current  regime  (Figure  4) 
require  understanding,  since  this  >6  the  Iq  range  experienced  by  devices 
under  actual  operating  conditions  -  not  the  accelerated  field  or 
temperature  conditions  most  frequently  used  because  of  their  ease  and 
speed  of  measurement.  Several  factors  might  account  for  the 
observation.  First,  the  channel  mobility  may  be  changing  due  to 
gate-current-mduced  changes  in  the  Si-SiOj  interface.  This  is  ruled 
out.  since  monitor  of  the  low-field  transconductance  and  threshold 
voltage  before  and  after  the  floating  gate  current  measurement  shows 
no  perceptible  change  in  either  gm  or  Vy.  Second,  surface  leakage  from 
the  floating  gate  might  cause  departures  from  the  expected  gate  current 
curve  However,  such  leakage  must  be  greater  than  the  true, 
channel-induced  gate  current  m  order  to  be  noticed;  yet,  the  observed 
characteristic  is  less  than  the  expectation.  Also,  monitor  of  the  charge 
leakage  off  of  the  floating  gate  placed  an  upper  bound  on  surface  leakage 
of  1018A.  The  remaining  alternative  is  that  thermionic  gate  current 
from  the  device  channel  alters  the  interface  as  it  passes  In  particular. 


the  thermionic  barrier  height  must  be  increasing  at  least  linearly  with 
time  to  cause  the  observed  gate  current  characteristic 

This  effect  is  shown  schematically  in  Figure  6.  Gate  current 
from  the  channel,  if  energetic  enough,  crosses  the  barrier  and  <s 
collected  at  the  gate  electrode.  However,  in  passing  through  the 
insulator,  the  interface  is  altered.  Either  interface  states  are  created, 
which  are  then  charged  due  to  the  position  of  the  Fermi  level;  or,  bulk 
traps  are  filled. 

It  is  assumed,  and  may  be  verified  qualitatively  by  examining 
the  potential  contours  in  a  2-0  simulation  of  the  device  being  measured, 
that  the  gate  potential  changes  expose  a  fresh  portion  of  the  interface 
to  the  channel  field -induced  gate  current  density.  Thus,  the  passage  of 
gate  current  at  the  low  current  densities  experienced  djnng  actual 
device  operation  causes  localized  changes  in  the  Si-Si02  interface 

Refering  to  Figure  5,  these  changes  are  not  noted  in  the  higher 
current  regime.  The  increases  m  the  interface  barrier  height  are  more 
than  compensated  by  image  force  barrier  lowering  [14)  due  to  the 
(relatively)  high  current  density.  Based  on  this  Figure,  the  transition 
current  from  a  regime  dominated  by  image  force  barrier  lowering,  to 
one  dominated  by  barrier  height  increases.  »s  about  IfA  However, 
strictly  speaking  this  should  be  put  in  terms  of  a  current  density,  which 
requires  a  2-D  gate  current  simulator  on  a  microscopic  level 

The  low-level  hole  gate  current  in  an  NMOS  device  [7]  also 
exhibits  increased  barrier  height  as  holes  are  transported  across  the 
interface  (see  Figure  4).  This  occurs,  effectively,  in  the  accumulation 
regime  of  the  local  MOS  capacitance,  while  the  electron  gate  current 
occurs  in  the  depletion  or  inversion  regime.  The  increased  barrier 
height  to  holes  means  positive  charge  is  growing  at  the  interface,  which 
may  be  due  to  deep,  ionized  donor  states  in  the  band  gap.  Converse'y. 
the  increase  of  interface  charge  in  the  inversion  regime  indicates  the 
presence  of  deep  acceptor  states  at  the  interface. 

Data  such  as  that  in  Figure  2  leads  to  the  characterization  of  the 
gate  current  by  the  equation; 


Thus,  estimates  of  the  relative  change  in  barrier  height  (and  so 
the  relative  change  in  interface  charge),  and  the  earner  temperature 
Tfl  characterizing  the  free  carrier  distribution  as  it  approaches  the 
interlace,  may  be  made 

If  the  barrier  height  is  increased  too  much,  the  net  charge 
transported  across  the  interface  may  change  sign  This  occurs  since 
frequently,  both  holes  and  electrons  are  being  transported  across  the 
interface  on  a  global  level;  if  the  dominant  charge  carrier  is  suppressed 
locally,  the  other  may  take  its  place,  resulting  in  a  sign  change  m  Iq 

ft  must  be  noted  that  these  measurements  do  not  preclude 
creation  or  charging  of  interface  states  caused  by  hot  earners  with 
energy  insufficient  to  surmount  the  thermionic  barrier  However 
based  on  other  experimental  work  (15).  it  appears  likely  that  only  the 
gate  current  emitted  therrmomcally  contributes  to  the  change  m  the 
interface. 

CONCLUSIONS 

Gate  current  measurements  at  realistic  biases  in  MOSFET's  toad 
to  perceptible  changes  in  the  Si-StO*>  interface  These  changes  are 
attributed  to  charged  interface  states,  charged  and-or  created  during 
the  passage  of  gate  current  emitted  thermionically  across  the  interface 
The  changes  are  a  direct  result  of  the  gate  current  transported  across 
the  interface,  thus,  simulation  of  the  gate  current  must  either  subtract 
out  the  interface  changes,  or  account  for  them  strictly  Experimental 
verification  of  the  simulation  results  must  take  care  to  account  tor  the 
interface  changes  as  well.  In  particular,  because  of  the  build  up  of 
mterfacial  charge,  the  sign  of  the  apparent  gate  Current  may  t>e 
reversed. 
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Figure  1:  lG  tor  VD  -  2.5V.  L0  -  0.8  pm.  T  -  80K  and 
300K  Holes,  open  symbols;  electrons,  closed  symbols 
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Figure  3  Extraction  of  gate  voltage  and  current  from 
lD  vs  time  The  capacitive  discharge  is  seen  in  the 
sleep,  initial  slope.  Vq  *  2  5V.  Vq  •  6  5V 
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Figure  4:  Dependence  of  gale  current  on  interface 
degradation 
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Figure  6  Time  evolution  of  eieclrostatic  bame 
height  Iq  flux  causes  increases  m  a©b  over  tune 
reducing  Iq  exponentially 
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CHARACTERIZATION  OF  ELECTRICAL  PROPERTIES 
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Thin  silicon  nitride  films  is  one  of  the 
second  most  widely  used  Insulating  films  in 
microelectronics  after  silicon  dioxide.  Thin 
silicon  nitride  films  have  been  attracting 
growing  attention  in  recent  years  because  of 
its  fundamental  importance  in  VLSI  electronic 
devices  with  possible  applications  as  a 
passivation  layer,  encapsulent,  diffusion 
mask,  gate  dielectric,  optical  device  coating 
and  semiconductor  non-volatile  memory  devices' 
carrier  storage  layer. 

The  thin  silicon  nitride  films  used  in 
this  work  were  deposited  using  low  pressure 
chemical  vapor  deposition  (LPCVS)  method 
which  provided  good  uniformity  across  the 
wafer  and  good  stoichoimetry .  Our  LPCVD 
processing  by  microelectronics  facility  at 
NCR  involved  decomposing  ammonia  (NH^)  and 
dichlorosilane  (SiCl.H.)  at  the  temperature 
ranging  from  650  C  to  850  C  with  50  C 
intervals.  Oxygen  impurity  was  introduced 
into  the  silicon  nitride  films  by  adding 
nitrous  oxide  ^0)  gas  into  the  LPCVD 
deposition  chamber.  The  semiconductor 
non-volatile  memory  devices  were  subsequently 
fabricated  in  a  metal-nitride-oxide-silicon 
configuration.  In  order  to  fully  characterize 
the  material  property  of  silicon  nitride  films 
for  memory  devices.  Auger  electron 
spectroscopy  (AES),  X-ray  photoelectron 
spectroscopy  (XPS)  and  multiple-internal- 
reflectlon  (MIR)  infrared  spectroscopy  have 
been  employed  to  characterize  the  stoichoimetry 
of  deposited  film.  Ell ipsometry  were  also  used 
to  measure  the  thickness  and  refractive  index 
of  the  film.  The  internal  photo-electric 
effect  technique  was  used  for  non-destructive 
quantitative  measurements  of  defect-related 
electron/hole  traps  in  these  Insulating  films. 
The  electrical  properties  of  MNOS  devices  were 
investigated  using  high-frequency  C-V , 
quasi-static  C-V,  conductance  method, 
retention  and  endurance  test. 

The  results  of  AES  showed  that  the  depth 
profiles  of  nitrogen,  silicon  and  oxygen  were 
uniform  across  the  bulk  of  LPCVD  deposited 
silicon  nitride  films. 


Trapped  electron  density  as  a  function  of 
deposition  conditions  was  determined  via 
photocurrent-voltage  technique  in  combination 
with  high  frequency  method.  This  technique 
does  not  require  an  assumption  of  any  particular 
distribution  form  uf  the  trapped  charge. 

Results  showed  that  the  trapped  charge  density 
decreased  from  2.9  to  2.6x10  cm  for  0  to 
17  atomic  %  of  oxygen  concentration.  By  changing 
the  gate  electrode  from  aluminum  to  gold,  the 
trapped  hole  concentration  was  also  determined 
in  a  similar  fashion. 

The  flatband  voltage  monitored 
photodepopulation  technique  in  combination 
with  photoinjection  was  used  to  investigate  the 
first  order  kinetics  of  trap  emptying  in  the 
LPCVD  thin  silicon  nitride  films  (Ij.  The 
photoionization  cros^. sect Jon  was  determined 
from  18.9  to  4.9x10  cm  over  the  photon 
energy  range  of  2.06  -  3-1  eV  for  the  film 
containing  7  to  17  atomic  %  of  oxygen. 

The  interface  state  density^or  vjrginj 
samples  at  mid-gap  were  about  10  cm  eV 
Those  samples  with  0  seem  N^0  gas  flow  rate 
were  subsequently  annealed  at  900  C  in  an 
N2/H.  ambient  so  as  to  detect  the  influence  of 
N-H  and  Si-H  bond  to  the  trapping  property. 

The  results  showed  a  general  trend  that  the 
trapped  electron  density  was  increased  after 
annealing. 

It  is  speculated  that  one  or  various 
combinations  of  silicon  dangling  bonds, 

Si-0  bond  may  be  responsible  for  the  trapped 
charge  in  the  film.  Besides  normal  silicon 
nitride  bonding,  silicon  or  nitrogen  dangling 
bonds  may  exist  due  tc  imperfections  in  crystal 
structure.  It  was  likely  that  oxygen/hydrogen 
atoms  compensated  these  dangling  bonds, 
therefore  subsequent  reduction  of  trapped 
charge  density  was  observed. 


[1]  Dan  Xu  and  Vik  J.  Kapoor,  Proc .  of 
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INTRODUCTION:  Growth  and  characterization  of  high  quality 
ultra-thin  silicon  oxides  is  of  major  importance  in  VLSI  technol¬ 
ogy.  The  study  of  growth  kinetics  and  electrical  properties  of 
ultra-thin  oxides  is  incomplete  due  to  a  number  of  complicating 
factors:  the  growth  rate  of  such  thin  oxides  is  very  rapid  (Ref  1) 
and  hence  controlled  growth  in  conventional  furnaces  is  difficult. 
Further,  oxide  charge  ( Q y)  and  interface  state  density  (D„)  are 
generally  measured  by  fabricating  MOS  capacitors  which  re¬ 
quires  the  deposition  and  the  definition  of  a  gate  electrode.  The 
possible  interaction  of  the  electrode  material  with  the  oxides,  the 
effect  of  the  electrode  deposition/definition  conditions  on  oxide 
properties,  and  the  uncertainity  regarding  the  metal-silicon  work 
function  difference  may  obscure  the  intrinsic  oxide  properties. 
In  this  work.  Rapid  Thermal  Oxidation  (RTO)  techniques  were 
used  to  grow  ultra-thin  oxides  (40A-200A)  and  a  novel  surface- 
photovoltage  technique  (Ref  2)  was  used  to  evaluate  Qf  Dlt . 
The  surface  photo-voltage  technique  eliminates  the  need  for  gate 
electrode  deposition/definition.  The  combination  of  these  tech¬ 
niques  allows  the  accurate  determination  of  the  effect  of  process 
parameters  on  growth  kinetics  and  on  Qj  and  Du.  In  this  paper 
we  report  the  effects  of  processing  conditions  on  Qf. 

EXPERIMENT:  100mm  dia,  P-type,  50  Q-cm ,  (100)  Si  wafers 
were  used  in  this  study.  The  wafers  were  subjected  to  an  RCA 
clean  prior  to  oxidation  in  an  AG  2146  RTP  system  (Ref  3).The 
wafer  temperature  measurements  were  made  using  an  optical  py¬ 
rometer  and  the  temperature,  as  read  by  the  pyrometer,  was 
within  ±  1°C  of  the  desired  temperature.  The  oxidations  were 
performed  either  in  a  pure  02  ambient  or  in  an  oxygen  ambient 
containing  4%  HCl .  Oxidation  temperatures  ranged  from 
1000°  C  to  1 200*0.  Oxidation  times  typically  ranged  from 
5secs  to  300secs  during  which  oxides  40A  to  200A  thick  were 
grown.  Some  wafers  then  received  an  in-situ  1050°C,  30secs  an¬ 
neal  in  Ar  (containing  2%  O  2)  and/or  a  400°  C ,  45min  anneal  in 
forming  gas.  Oxide  thickness  was  ellipsometrically  measured  at 
nine  points  on  the  wafer  using  an  automated  ellipsometer.  A  re¬ 
fractive  index  of  1.46  was  assumed  for  all  cases.  The  thickness 
uniformity  was  better  than  ±3%  across  each  wafer.  Subsequently, 
Qf  and  Dtt  measurements  were  made  using  the  photon - 
microscope  (Ref  2)  which  measures  the  capacitance  of  the  space 
charge  region  created  by  shining  monochromatic  light  on  the 
wafer.  One  batch  of  wafers  were  subjected  to  polysilicon  deposi¬ 
tion  and  after  subsequent  POCl 3  doping,  electrodes  were  pat¬ 
terned  to  form  MOS  capacitors  which  were  then  used  for  con¬ 
ventional  high  frequency  and  quasi-static  C-V  measurements. 
RESULTS  AND  DISCUSSION:  Figure  1  is  a  plot  of  Q,.  as  a 
function  of  oxide  thickness.  These  oxides  were  grown  at  1 100°C 
in  pure  oxygen  and  received  no  Post  Oxidation  Anneal  (POA).  It 
is  clear  that  Qj  is  a  function  of  oxide  thickness  and  that  thinner 
oxides  have  higher  Qf.  Similar  results  have  been  reported  previ¬ 
ously  (Ref  4,5).  Fig.2  is  a  plot  of  oxide  growth  rate  as  a  func¬ 
tion  of  oxide  thickness  for  the  same  growth  conditions.  The  ox¬ 
ide  growth  rate  is  obtained  by  assuming  linear  growth  between 
adjacent  points  on  the  oxide  thickness  vs  oxidation  time  curve 
and  the  local  slope  is  calculated.  These  values  are  then  plotted 
against  the  calculated  mean  of  the  oxide  thicknesses.  The  striking 
similarity  between  Fig.l  and  Fig.2  suggests  a  dose  relationship 
between  the  oxide  growth  mechanism  and  the  origin  of  fixed 
charge.  Similar  results  are  observed  for  oxides  grown  in  02  am¬ 
bients  containing  4%  HCl.  As  seen  in  Fig.3,  the  Qf  is  higher  for 
thinner  oxides  but  the  overall  magnitude  of  the  Q,  is  about  half 
those  reported  for  oxides  grown  in  pure  02  (Fig.l).  The  magni¬ 
tude  of  the  growth  rate  for  these  oxides  is,  however,  about  twice 
those  reported  in  Fig.2.  These  results  imply  that  while  Qf  is 
definitely  a  function  of  growth  rate,  it  is  not  a  function  of  the  ab¬ 
solute  magnitude  of  the  growth  rate  or  else  oxides  grown  in  HCl 
containing  ambients  would  have  a  higher  Qf .  Fig.3  also  shows 


the  effect  of  a  1050° C ,  30sec  POA  in  Ar  (2%  02).  The  02  was 
added  to  suppress  the  Si  +  Si02  =  2 SiO  reaction  which  may  oc¬ 
cur  during  such  anneals  in  pure  Ar.  During  these  anneals  typi¬ 
cally  a  104  increase  in  oxide  thickness  was  observed.  It  is  seen 
from  Fig.3  that  the  Qf  is  reduced  by  this  anneal  and  the  oxide 
thickness  dependence  of  Qf  is  eliminated.  Subsequent  annealing 
of  these  wafers  in  forming  gas  has  an  insignificant  effect  on  Q, . 
Fig.4  is  a  plot  of  Qf  v$  oxidation  temperature,  for  150A  oxides 
grown  in  pure  02  ambients.  For  as-grown  wafers,  it  is  seen  that 
the  Qf  is  higher  for  oxides  grown  at  higher  temperatures  which 
is  contrary  to  the  results  obtained  for  thicker  (  >10004)  oxides 
(Ref  5).  A  1050*C,  30sec  POA  in  Ar  is  seen  (Fig.4)  to  reduce 
the  Qr  of  these  wafers  by  a  factor  of  two  in  all  cases.  On  the 
other  hand,  the  flatband  voltage  vs  oxide  thickness  data  (Fig.5) 
obtained  from  MOS  C-V  measurements  give  a  good  linear  fit  in¬ 
dicating  that  the  Qf  is  independent  of  oxide  thickness  irrespec¬ 
tive  of  whether  or  not  the  wafers  received  a  POA.  However,  it  is 
to  be  noted  that  these  wafers  have  experienced  a  high  tempera¬ 
ture  cycle  (920®  C)  during  the  POCl 3  doping  of  the  polysiJicon 
gate  and  hence  it  is  expected  that  these  wafers  behave  similar  to 
wafers  that  have  received  extended  POA.  In  fact,  these  data  are 
in  good  agreement  with  those  seen  in  Fig.2.  The  D(t  shows  a 
complex  dependence  on  the  processing  conditions  and  these 
results  will  also  be  presented. 

CONCLUSIONS:  Growth  kinetics  and  electrical  data  for  ultra- 
thin  oxides  have  been  obtained.  The  effect  of  various  parameters 
such  as  oxide  thickness,  growth  ambient,  POA  and  growth  tem¬ 
perature  on  Qf  and  D„  have  been  investigated.  The  use  of  RTO 
and  the  surface-photovoltage  measurement  technique  have  al¬ 
lowed  the  evaluation  of  these  parameters  accurately  without  any 
influence  of  post-oxidation  steps  involved  in  MOS  capacitor  fa¬ 
brication.  The  data  also  suggests  a  close  relationship  between  the 
growth  mechanism  of  these  thin  oxides  and  their  electrical  pro¬ 
perties  and  sheds  some  light  on  the  oxide  growth  mechanism. 
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Oxide  Thickness  CA) 

Fig. I  Fixed  oxide  charge  as  a  function  of  oxide  thickness  for  wafers  oxi¬ 
dized  in  pure  02  ambients  at  1100PC. 


Oxidation  Temperature  CC] 

Fig.4  Fixed  oxide  charge  as  a  function  of  oxidation  temperature  for 
15(M  oxides  gTown  in  pure  02.  The  solid  line  is  for  as  grown  wafers 
and  the  dashed  line  indicates  wafers  that  have  received  an  in-situ  POA  in 
Ar(2%  02). 


Fig.2  Oxide  growth  rate  as  a  function  of  oxide  thickness  for  wafers  oxi¬ 
dized  in  pure  O  2  ambients  at  1 1 00°  C . 


Fig .5  Flat  band  voltage  as  a  function  of  oxide  thickness.  The  measure¬ 
ments  were  made  on  poly  gate  capacitors  using  conventional  MOS  C-V 
techniques. 


FigJ  Fixed  oxide  charge  as  a  function  of  oxide  thickness  for  wafers  oxi¬ 
dized  in  (02  +  4 %HCI )  ambients  at  1 100°  C  Solid  line  is  for  as  grown 
wafers  and  dashed  line  indicates  wafers  that  have  received  an  in-situ 
POA  in  Ar(2%  02). 


Abstract  No.  270 


N-MOSFET  Degradation  and  Aging  due  to 
Hot-Electron  Trapping 

Amer  S&mman,  Patrick  Robiin,  and  Steven  Bibyk 
Solid  State  Microelectronics  Laboratory 
Department  of  Electrical  Engineering 
The  Ohio  State  University,  Columbus,  Ohio  43210 


1  Introduction 

Hot-carrier  induced  n  and  p  channel  MOSFET  degrada¬ 
tion  mechanisms  have  been  experimentally  shown  to  be  similar , 
with  the  degradation  region  located  near  the  drain  and  st  retch¬ 
ing  toward  the  source  with  increasing  stressing  time.  MOSFET 
current  degradation  is  mainly  due  to  carrier  trapping  in  the 
oxide  near  the  interface,  and  the  generation  of  interface  states 
by  hot-electrons.  This  work  is  concerned  with  the  analysis 
of  the  performance  degradation  of  a  one-micron  gate- length 
n- MOSFET,  resulting  from  hot-electron  trapping  in  the  ox¬ 
ide,  and  with  the  modeling  and  simulation  of  the  hot-electron 
trapping  dynamics. 

In  our  approach  we  have  used  a  physical  model  of  hot- 
eleciron  trapping  and  applied  it  to  derive  a  new  equation  sim¬ 
ulating  the  trapping  rate.  This  physical  trapping  model  was 
then  used  together  with  a  two-dimensional  device  simulator 
(PISCES)  to  determine  both  the  location  arid  density  of  trapped 
electrons.  The  aging  process  was  simulated  dynamically  by 
solving  the  trapping  equation  consistently  with  the  PISCES 
simulation  of  the  MOSFET  throughout  the  aging  process. 

2  Discussion 

First,  a  degraded  MOSFET  was  simulated  by  introduc¬ 
ing  a  sheet  of  fixed  negative  charge  at  the  Si  SiO?  interface 
near  the  drain.  As  a  result,  the  degraded  device  was  found  no 
longer  symmetric.  The  localized  negative  charge  has  greater 
effects  on  the  performance  of  the  MOSFET  when  operated  in 
the  low  Vp  (linear  or  ohmic)  region.  The  IV  characteristics  of 
the  degraded  device  showed  an  increase  in  the  threshold  voltage 
(Figure  1),  an  increase  in  the  maximum  channel  transconduc¬ 
tance  for  VD  =  0.1V,  and  an  upward  curvature  (diode-like)  in 
the  Ip-Vp  curve  (forward  mode)for  Vq  =  IV  that  disappears 
for  Vq  >  2V  (Figure  2). 

The  introduced  fixed  negative  charge  causes  a  channel 
potential  drop  near  the  drain  that  pinches  off  the  channel  and 
increases  the  effective  channel  resistance  of  the  stressed  MOS¬ 
FET  in  the  linear  region.  This  potential  drop  is  overcome  by 
either  increasing  Vq  or  V/j,  the  drain  acting  like  a  second  nar¬ 
row  gate  (short  channel  effect).  The  effect  of  the  drain  and  gate 
voltages  on  the  channel  potential  drop  explains  the  diode-like 
turn-on  characteristic  of  the  degraded  MOSFET  in  the  low  Vp 
region  of  the  IV  characteristic  curves  (Figure  2). 

In  the  saturation  mode,  the  stressed  device  shows  prac¬ 
tically  no  sign  of  degradation  in  performance  (Figure  2).  The 
channel  potential  drop  is  absorbed  in  the  two  dimensional  drain 
region  of  the  channel,  and  the  drain  current  is  restored  to 
its  maximum  value  (unstressed  Ip)  by  the  unaffected  Grad¬ 
ual  Channel  Approximation  (GCA)  region. 

The  rate  of  hot -electron  trapping  per  unit  area  of  the 
interface,  is  proportional  to  the  electron  density  in  the  chan¬ 


nel,  the  hot-electron  generation  rate,  and  segregation  proba¬ 
bilities.  Hot-carriers  in  the  channel  need  to  acquire  enough 
kinetic  energy  to  overcome  the  interface  potential  barrier  with 
their  momentum  redirected  toward  the  interface  to  be  success¬ 
fully  trapped  in  the  Si02  by  already  existing  traps  (no  trap 
generation).  Neglecting  detrapping,  the  rate  of  hot-clcctron 
trapping  in  the  oxide  near  the  interface  can  be  approximated 
by  13] 
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The  first  product  represents  the  rate  of  hot -electron  scatter¬ 
ing  events  expressed  in  terms  of  the  high  electric  field  chordal 
mobility  (3j.  where  m"  is  the  electron's  effective  mass,  E  is 
the  lateral  channel  electric  field.  vd  ,al  is  the  saturation  veloc¬ 
ity  of  the  electrons,  and  I\t  <  1  is  a  constant  weighting  the 
rate  of  ballistic  electron  launching.  The  second  product  gives 
the  probability  of  an  electron  travelling  a  distance  ci  without 
loosing  its  energy  through  collisions,  becoming  hot .  then  being 
redirected  (due  to  scattering)  toward  the  interface  [lj,  [3].  E 
is  the  channel  lateral  electric  field  assumed  constant  over  the 
distance  d.  A  is  the  mean  free  path  of  hot-electron  between 
collisions  (assumed  constant)  ,  and  d>)>  is  the  effective  potential 
barrier  height  at  the  interface  (1).  The  third  product  gives  the 
maximum  number  of  hot -electron  per  unit  area  of  the  inter 
face  that  can  be  trapped  at  any  time.  It  is  a  function  of  the 
channel  rarricr  concentration  v(y)  and  the  probability  (c-v/>) 
of  the  scattered  electron  traveling  to  the  interface  without  fur¬ 
ther  redirection.  The  last  product  represents  the  probability 
of  an  electron  injected  in  the  SiOj  to  be  captured  by  an  empty 
trap,  where  ATcr«p(0  is  the  density  of  traps  filled  per  unit  gate 
area  (Nlrap(t  =  0)  =  0),  Nmar  is  the  initial  density  of  empty 
traps  per  unit  gate  area,  and  (7trap  is  the  trapping  cross  section 
of  Si02  at  the  interface  (technology  dependent)  [3]  [4].  Even 
though  there  is  no  reported  value  for  A",  yet.  comparative  as 
well  as  qualitative  study  of  aging  in  different  device  structures 
can  still  be  performed. 

This  model  of  hot -electron  trapping  was  used  to  sim 
ulate  the  degradation  of  a  1/m?  nMOSFET  in  time.  Aging 
was  conducted  by  solving  the  trapping  equation  simultaneously 
with  the  PISCES  simulation  of  the  MOSFET.  The  applied 
stressing  voltages  (V,wfc  =  =  0.  Vq  ~  3V.  and  Vp  =  5V)  re¬ 

mained  the  same  during  the  entire  aging  process.  The  trapped 
electron  distribution  obtained  at  different  aging  steps  is  given 
in  Figure  3  which  reveals  that  hot -electron  trapping  starts  with 
a  rate  that  peaks  at  location  ~  1.57/im,  some  300.4  from  the 
drain  junction,  and  moves  toward  the  drain  before  spreading 
toward  the  source,  progressing  at  an  exponentially  decreasing 
rate  [3]  [4].  The  peak  degradation  rate  depends  on  the  ap¬ 
plied  stressing  voltage.  The  aging  times  associated  with  some 
of  the  intermediate  aging  steps  are  shown  in  a  table  in  Figure 
3  normalized  with  respect  to  the  first  step. 

The  channel  electric  field  is  found  to  increase  in  the  high 
field  region  next  to  the  drain  junction,  and  to  decrease  in  the 
adjacent  GCA  region  closer  to  the  source  (Figure  4).  Tins 
explains  why  the  degradation  proceeds  first  toward  the  drain, 
then  slows  down  as  it  propagates  toward  the  source. 

One  notices  that  the  threshold  voltage  has  sli"hlly  in¬ 
creased  through  the  first  17  aging  steps  A  slight  reduction 
in  the  transcouduction  is  also  observed.  After  17  aging  steps 
the  degradation  starts  moving  toward  the  source,  anil  a  strong 
increase  in  the  threshold  voltage  results  (Figure  1 )  The  trap 


ping  of  electrons  in  the  high  field  drain  region  weakly  affects 
the  MOSFET  IV  characteristics,  whereas  the  trapping  in  the 
GCA  region  results  in  a  strong  variation  in  the  threshold  volt¬ 
age.  One  can  therefore  use  the  Id-Vg  characteristics  to  monitor 
the  progress  of  the  degradation  in  the  channel  [4]. 

The  aging  simulation  results  are  in  qualitative  agree¬ 
ment  with  reported  experimental  results.  Cham  ei  al  [2]  re¬ 
cently  pointed  out  that  the  projection  of  the  device’s  lifetime 
by  accelerated  stress  can  lead  to  large  errors.  Indeed,  they  ex¬ 
perimentally  demonstrated  that  the  degradation  rate  was  slow¬ 
ing  down  with  increasing  stress  bias  and  time.  The  simulation 
of  MOSFET  degradation  in  time  can  provide  an  alternative 
method  of  predicting  the  MOSFET  lifetime  under  normal  op¬ 
eration  . 
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Figure  1:  Ip  versus  Vq  characteristics  of  the  original  device 
and  after  37  degradation  steps.  Vp  =  0.1  Volt. 
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Figure  2:  Ip  vs.  Vp  characteristic  curves  of  the  original  device 
and  after  37  aging  steps  in  the  forward  and  reverse  mode.  Vq  ~ 
1,  2,  and  3  Volts. 
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Figure  3:  Trapped  electron  distribution  after  different  aging 
steps 
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Figure  4:  Surface  potential  of  the  original  normal  device  and 
after  37  simulated  degradation  steps. 
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There  Is  growing  Interest  In  device  degradation 
under  an  AC  stress  condition!!!.  Our  experimental 
data  show  that  device  degradation  under  an  AC 
stress  is  dependent  on  the  frequency,  phase 
characteristic  of  the  stress  signal,  operation 
temperature,  and  less  dependent  on  the  load 
capacitance. 

Initial  device  degradation  under  an  AC  stress 
condition  has  been  found  to  be  dominated  by  a 
transconductance  decrease.  The  threshold  voltage 
increased  as  stress  continued.  The  time  for 
threshold  voltage  to  Increase  depended  on  the  stress 
condition  and  transistor  size.  For  a  DC  stress,  the 
boundary  between  these  two  degradation 
mechanisms  was  not  very  obvious.  It  is  shown  in  rig. 

1  that  threshold  voltage  for  a  1.8pm  NMOS  transistor 
at  77  K  did  not  change  during  first  40  minutes  AC 
stress  period,  while  at  time  200  minutes  the 
threshold  voltage  shift  dominated  the  device 
degradation.  The  Initial  transconductance 
degradation  was  contributed  by  the  generation  of  fast 
Interface  state  near  the  drain.  These  interface  state 
are  generated  by  the  hot-carrler  during  the  AC 
voltage  transient  time.  The  threshold  voltage  shift  is 
caused  by  the  negative  charge  trapping  inside  the 
gate  oxide. 

Both  transistor  parameter  shifts  were  found  to  be 
saturated  as  stress  time  lncreased[2).  A  hypothesis 
of  carrier  path  change  due  to  the  charge 
accumulation  near  the  drain  is  presented  to  explain 
this  saturation  phenomenon.  For  an  AC  stresstthls 
saturation  phenomenon  Is  not  as  obvious  as  a  ut 
stress,  because  the  injection  current  for  an  AC  stress 
consists  not  only  of  the  channel  hot-carrler,  but  also 
the  transient  current  component,  which  is  not 
sensitive  to  the  additional  electrical  field  formed  by 
the  charge  trapping  inside  the  gate  oxide. 

Device  degradation  under  an  AC  stress  condition 
has  a  strong  temperature  dependencyl3],  Flg.2 
shows  the  comparison  of  the  stress  results  for  two 
different  temperatures,  300K  and  77K  The 
threshold  voltage  shift  at  77K  Is  larger  than  the 
those  at  300K  For  the  same  device  size.  Longer 
carrier-mean  free  path  and  higher  trapping 
efficiency  are  believed  to  be  responsible  for  the 
enhancement  of  device  degradation.  For  an  AC 
stress  the  transient  current  component  Is  also 
changed  by  the  temperature  due  to  the  change  in 
the  tote  capacitance  and  charge  distribution  Inside 
the  tote  oxide.  Because  this  transient  current 
component  plays  a  very  Important  role  in  device 
degradation,  the  degradation  was  expected  to  be 
different  than  that  for  DC  stress. 


The  comparison  of  DC  stress  and  AC  stress  results 
are  shown  ta  Flg.3.  The  AC  stress  showed  less 
degradation  than  DC  stress.  We  conclude  that  the 
transient  current  during  the  stress  canartuaMyease 
the  device  degradation  by  Introducing  the  positive 
charges  Into  the  gate  oxide  to  compensate  the 
negative  charges  which  were  trapped  there  during 
the  DC  stress  period. 
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1.  INTRODUCTION 

Polycide  gates  are  widely  used  in  recent  MOS 
LSI's.  However,  internal  stress  of  silicides  is  lO1 
a<10'°  dyne/ cm2  ,  which  is  one  order  of  magnitude 
greater  than  that  of  poly-Si.  In  a  previous 
paper,  it  was  reported  that  positive  charge  trap 
centers  at  gate  electrodes/Si02  interfaces  are 
generated  due  to  the  large  stress,  and  the 
influence  of  the  stress  can  be  reduced  by 
increasing  the  thickness  of  poly-Si .( 1 )  We  have 
found,  however,  that  the  degradation  of  MOS 
capacitors  occurs  even  if  thicker  poly-Si  is  used. 
The  purpose  of  this  study  is  to  investigate  the 
degradation  mechanisms  of  the  polycide  gate  MOS 
capacitors  in  more  details. 

2.  EXPERIMENTAL  PROCEDURES 

W-polycide  gate  MOS  capacitors  with  two 
different  gate  patterns  ’striped1  and  'planar1  were 
fabricated  on  p-type  silicon  substrates,  as  shown 
in  Fig.1.  The  thicknesses  of  gate  oxides,  poly-Si 
and  WSi2  layers  were  25nm,  10Q-300n m  and  230nmt 

respectively.  After  the  fabrication  of  polycide 
gates,  BPSG/Si02  overlayers  were  deposited  by  CVD 
methods.  Subsequently,  annealing  was  carried  out  at 
900 ®C  for  20  min  in  02  or  H2/02  ambient.  Ramp  I-V 
characteristics  of  the  MOS  capacitors  were 
measured  with  a  negative  gate  polarity. 

3.  RESULTS  and  DISCUSSION 

Figure  2  shows  the  dependence  of  breakdown 
voltage  of  MOS  capacitors  with  'striped*  polycide 
gates  on  poly-Si  thickness.  When  the  thickness  of 
poly-Si  layers  becomes  thinner  than  150nm,  the 
breakdown  voltage  decreases  irrespective  of 
annealing  ambient.  The  degradation  is  also  observed 
in  the  capacitors  with  'planar'  polycide  gates.  All 
of  the  degraded  samples  show  hysteresis  (2)  in 
their  ramp  I-V  characteristics,  as  shown  in  Fig. 3* 
This  hysteresis  is  caused  by  positive  trap  centers 
at  electrodes/Si02  interfaces  induced  by  the 
tensile  stress  of  the  WSi2  layer. (1)  Because  both 
gate  structures  show  the  same  degradation,  it  can 
be  concluded  that  the  trap  centers  are  generated 
whole  over  the  gate  electrodes/Si02  interface.  It 
is  seen  that  the  stress  can  be  reduced  by 
increasing  the  thickness  of  poly-Si  in  the  case  cf 
02  annealing,  as  shown  in  Fig. 2. 

However,  when  the  thickness  of  poly-Si  layers 
becomes  thicker  ,  the  degradation  of  breakdown 
strength  and  the  hysteresis  in  I-V  characteristics 
are  observed  only  in  the  'striped'  gate  capacitors 
annealed  in  H2/02  ambient  [see  Fig. 2  and  4  ].  The 

dependence  on  gate  structure  s+rongly  indicates 
that  the  degradation  of  gate  oxides  occurs  at  the 
edges  of  gate  electrodes.  Moreover,  the  annealing 
ambients  are  related  to  this  degradation 
mechanisms.  H2/02  annealing  produces  'bird's  beaks' 
which  extend  into  gate  regions,  while  02  annealing 
dose  not.  Then,  the  compressive  stress  which  are 
generated  in  the  'gate  bird's  beaks'  during  H2/02 
annealing,  induces  the  positive  trap  centers  at  the 
pale  e1ect,rodes/Si02  Interface. 


At  the  optimum  poly-Si  thickness  (150-200nm), 
the  compressive  stress  due  to  the  'gate  bird's 
beaks*  would  be  relaxed  by  the  tensile  stress  of 
the  WSi2  layer.  In  this  case,  the  number  of  trap 
centers  is  minimized,  and  dielectric  breakdown 
strength  is  almost  the  same  as  the  value  estimated 
from  inherent  strength  of  Si02. 

4.  CONCLUSIONS 

Characteristics  of  the  polycide  gate  MOS 
capacitors  have  been  studied.  The  gat.  rxides  are 
degraded  due  to  two  different  mechanisms:  When  the 
thickness  of  poly-Si  layer  is  thin,  the  positive 
charge  trap  centers  induced  by  the  tensile  stress 
of  the  WSi2  layer  affect  the  gate  oxide, 
irrespective  of  the  gate  patterns  and  the 
annealing  ambients  (02  or  H2/Q2).  At  the 
thicker  side,  the  degradations  caused  by  the  'gate 
bird's  beaks'  occur  only  in  the  'striped'  gate 
annealed  with  H2/02  ambient.  At  the  optimum 
thickness  (150-200nm),  no  degradation  is  observed, 
because  the  stress  due  to  the  'gate  bird's  beaks' 
may  be  relaxed  by  the  WSi2  layer. 
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Fig.1  Schematic  structures  showing  MOS  capacitors; 
(a)  'striped'  and  (b)  'planar'. 
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Fig. 2  Breakdown  voltage  of  ’striped*  polycide 

gate  capacitors  vs  poly-Si  thickness. 
Breakdown  voltage  was  measured  under  the 
constant  current  limit  of  2. 5oA/cm1. 


Fig. 4  Typical  ramp  I-V  characteristics  of  MDS 
capacitors  with  WS 12 (2}0nn) /Poly-Si (300nm) 
gates  annealed  in  H2/02  ambient; (a) 
'striped1  and  (b)  ‘planar’. 


Fig. 3  Typical  ramp  I-V  characteristics  of  MOS 
capacitors  with  WSi2(230nm)/Polv-Si(100nm) 
gates  annealed  in  02  ambient;  (a)  ’striped’ 
and  (b)  ’planar1. 
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The  Al-Si  N  -SiO  -Si  (MNOS)  capacitor 
structures  and  polysilicon  -  Si«N  -SiO  -Si  (SNOS) 
transistors  were  fabricated  on  p-type  2 100  - 

oriented  silicon  substrates  with  resistivities  of 
l-9n.cm.  After  standard  etching  and  cleaning 
piw.edures,  the  substrates  were  thermally  oxidized 
and  annealed  so  as  to  eliminate  electron  trapping 
centers  in  the  oxide  The  oxide  thickness 

was  measured  to  be  50  X,  whi,.h  wp«  thick  enough  to 
block  electron  ur.d  hole  injection  from  the 
substrate  during  photoinjection  from  the  gate. 

For  SNOS  transistors  the  thickness  of  the  silicon 
dioxide  was  approximately  15-20  A.  The  silicon 
nitride  (SIX)  films  were  deposited  onto  the 
oxidized  wafers  by  low  pressure  chemical  vapor 
deposition  (LPCVD)  from  a  gaseous 
mixture.  A  controlled  amount  of 
introduced  into  the  film  using  N^0  gas  during 
deposition.  The  Si_N  films  were  deposited  in 
three  separate  groups.  In  the  first  group,  the 
Si  N,  films  were  deposited  at  750C  and  the  NH 
to^SiH^l^  gas  ratio  was  varied  from  3.5:1  to3 
30:1.  The  second  group  of  SHN^  films  were 
deposited  at  temperatures  which  were  varied  from 
650C  to  850C  with  the  NH  to  SIH-CL  gas  ratio 
3.5:1.  The  third  group  of  Si.N,  films  were 
deposited  at  750C  with  NH  SiH^clL  gas  ratio  of 
3.5:1,  but  with  varying  N^O  gas.  Flow  from  20  seem 
to  80  seem.  The  thickness  of  all  Si^N^,  films 
used  in  our  investigation  was  400  A,  as  determined 
by  ellipsometry . 

The  transparent  gate  electrode  was  used  for 
internal  photoelectric-ef feet  technique.  Semi¬ 
transparent  aluminum  electrodes,  of  100  X  thickness 
were  deposited  onto  the  Si_N^  films.  A  500  X  thick 
aluminum  back  contact  was  used  to  ensure  a  noise 
free  contact  to  the  external  circuitry. 

Auger  electron  spectroscopy  (AES)  has  been 
utilized  in  conjunction  with  argon-ion  sputtering 
in  order  to  measure  the  variation  in  the 
stoichiometry  and  distribution  of  oxygen  impurity 
in  the  silicon  nitride  film  of  the  MNOS  devices. 

In  addition.  X-ray  photoelectron  spectroscopy  (XPS) 
was  used  to  determine  the  chemical  nature  and 
bonding  of  the  film.  The  silicon,  nitrogen, 
oxygen  and  hydrogen  atomic  concentrations  in  the 
bulk  of  the  Si  N  film  were  found  to  vary  as  a 
function  of  NH^  to  SiH^l-  gas  ratio,  deposition 
temperature  ana  N^O  gas  flow.  The  results  of  the 
measurements  indicated  that  oxygen  was  incorporated 
into  the  film  by  replacing  the  nitrogen  atoms  during 
the  LPCVD  process.  The  refractive  index  of  the 
Si^N^  film  was  also  found  to  be  sensitive  to  the 
stoichiometry  of  the  film. 


The  internal  photoelectric-ef feet  technique 
was  employed  in  combination  with  capacitance-voltage 
(C-V)  measurements  for  detail  character izat ion  of 
defect  and  irapur ities-related  electronic  charge 
trapping  states  in  the  nitride  film  of  MNOS 
structure.  The  internal  photoelectric-effect 
technique  essentially  consists  of  a  photoinjection 
and  photodepopulation  sequence. 

In  the  phctoinjection  process  (defined  as 
charging  process  or  "write"  operation),  the  charges 
are  injected  by  internal  photoemission  from  the  metal 
electrode  into  the  Si^N^  insulator  of  a  MNOS 
structure  by  means  01  a  UV  light.  Some  fraction  of 
these  charges  are  captured  by  Si.N^  traps  with  a 
certain  capture  probability.  The  effect  of  photo¬ 
injection  under  bias  is  the  introduction  of  negative 
charge  in  the  Si^N^  films  of  a  MNOS  structure  by  the 
capture  of  charges  into  impurity/def ect  related 
traps.  During  this  process,  a  partial  discharge  of 
the  filled  traps  can  also  occur.  For  the  given 
applied  voltage  bias,  the  traps  will  f 11 L  to  some 
steady-state  level  determined  by  the  ratio  of  the 
time  constants  of  photo  inject  ion  and  the  partial 
discharge  proress.  The  sto-ice  of  negative  charge 
due  to  trapping  process  in  the  Si-N,  film  causes  a 
shift  in  the  flatband  voltage  as  determined  from 
1  MHz  capacitance  voltage  characteristics  and  gives  a 
measure  of  the  centroid-weighted  nitride  trapped 
charge  density. 

The  photo  I-V  technique  allowed  us  to  measure 
the  trapped  charge  density  and  normalized  centroid 
without  the  assumption  of  a  particular  charge 
disiribut ion .  This  technique  employed  measurement  of 
the  flatband  vol rape  and  the  phoLocurrent  at  the  gate 
electrode  to  detect  the  Held  at  the  eWtrode- 
nitride  interface.  While  the  MNOS  structure  is  u.'dor 
negative  bias,  the  photoeuirent  was  measured  at  the 
gate  of  a  sample  with  no  charge  in  th  itride. 

After  electrons  have  been  trapped  in  the  silicon 
nitride  the  photocurrent  was  measured  again.  The 
internal  electric  fields  in  the  nitride  caused  by 
the  trapped  charge  oppose  the  applied  bias,  therefore 
a  higher  negative  applied  bias  is  required  to 
measure  the  same  photocurrent  at  the  gate  as  before 
charges  existed  in  the  insulator.  This  increase 
in  applied  bias  necessary  to  measure  the  same  photo¬ 
current  was  measured  from  the  shift  In  the  photo¬ 
current  voltage  curve  before  and  after  injection, 
and  reflected  the  amount  of  charge  trapped  in  the 
film. 

The  SNOS  transistors  were  fabricated  and  then 
tested  to  evaluate  the  retention  characterist  less  of 
the  memory  devices.  These  devices  incorporated  the 
same  LPCVD  silicon  oxynitride  films  as  discussed 
above.  The  results  show  that  varying  the  NH  to 
SiH^Cl^  ratio  with  no  N^O  flow  has  little  effect 
on  the  normalized  decay  rates  for  both  written  and 
erased  states.  However,  normalized  decay  rate 
significantly  improved  as  the  N^O  flow  and  the 
resulting  oxygen  content  is  increased.  This  occurs 
for  both  the  written  and  erased  states.  The 
decrease  in  the  decay  rates  is  indicative  of  a 
decrease  In  the  trapped  electron  density.  There! ore, 
it  is  the  oxygen  content  and  not  the  NH-.SiH^Ct^ 
ratio  that  affect  the  device  retention  character¬ 
istics. 

The  normalized  decay  rates  versus  deposition 
tempei otures  with  and  without  N.O  showed  a  clear 
trend  for  the  nitride  samples  of  smaller  decay  rates 
for  lower  deposition  temperatures.  However,  for  the 
oxynitride  samples  with  N„O«40  seem,  the  retention  of 
the  device  is  signif icantf y  Improved. 

It  is  speculated  the  dangl logs il it  on  bonds  in 
silicon  nitride  are  likely  candidates  for  shallow 
(2eV)  electron  trapping  centers.  The  Si-Si  dangling 
bonds  may  be  responsible  for  the  deep  traps. 


NH3SiH2Cl2 
oxygen  wasZ 
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PECVD  SILICON  NITRIDE:  DEPOSITION  AND  POST-DEPOSITION 
MODIFICATION  FOR  APPLICATION  IN  MEMORY  DEVICES* 
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INTRODUCTION 

Historically,  silicon  nitride  used  in  the  Metal- 
Nitride-Oxide-Semiconductor  (MNOS)  nonvolatile  memory 
transistor  has  been  deposited  using  APCVD  or  LPCVD  [1]. 
Both  of  these  methods  require  deposition  temperatures 
in  excess  of  700  C  and  present  difficulties  in  the 
processing  of  peripheral  MOS  circuits  for  operation  in 
a  radiation  environment  [2].  Recently,  however,  re¬ 
newed  research  interest  in  silicon  nitride  deposited 
by  plasraa-enhanced  chemical  vapor  deposition  (PECVD) , 
a  low  temperature  process  (<400  C) ,  has  provided 
evidence  that  PECVD  silicon  nitride  may  be  used 
successfully  in  the  MNC3  structure  [3,4] .  Studies 
have  shown  a  strong  dependence  of  some  electrical 
properties  of  these  films  on  deposition  parameters  (.41, 
and  have  concluded  that  properties  of  PECVD  nitride, 
important  for  nonvolatile  memory  device  operation,  are 
comparable  to  those  of  high  temperature  CVD  nitride  [5]. 

This  paper  discusses  the  results  of  a  research 
effort  directed  at  defining  "optimum"  deposition  para¬ 
meters  and  post-deposition  processing  of  PECVD  nitride 
for  application  in  MNOS  devices.  Post-deposition 
processing  involved  annealing  and  implant /anneal ing  to 
enhance  memory  characteristics  ot  these  devices. 
Electrical  and  physical  properties  of  the  films  were 
studied  as  a  function  of  deposition  conditions  and 
subsequent  processing  with  the  goal  of  understanding 
their  relationship  to  charge  transfer,  trapping  and 
loss. 

SAMi*«E  PREPARATION 

o  o 

Silicon  nitride  films  (350A  to  800A  thick)  were 
deposited  in  a  13.56  MHz,  capacitively-couplcd, 
parallel-plate  reactor.  MNOS  capacitors  were  fabri¬ 
cated  on  n-type  <  1 1 1 >  silicon  substrates  with  aluminum 
electrodes  and  a  gold  back  contact.  Samples  used  for 
Fourier  Transform  IR  and  UV  spectroscopic  analysis 
were  deposited  on  optically  polished,  high  resistivity 
silicon  and  high  quality  quartz  plates  (T20  Superasil 
2),  respectively. 

RESULTS  AND  DISCUSSION 

The  electrical  and  physical  properties  of  silicon 
nitride  thin  films  are  kr.'-vn  to  be  sensitive  functions 
of  deposition  conditions  [6].  It  follows  then,  that 
the  memory  performance  of  nonvolatile  memory  devices 
which  utilize  silicon  nitride  as  the  charge  trapping 
medium  is  influenced  by  the  deposition  and  post- J.posi- 
t  ion  processing  of  the  nitride  [7J. 

"AS-DEPOSITED"  PECVD  SILICON  NITRIDE 

Since  the  primary  objective  of  this  work  was  to 
deposit  PECVD  silicon  nitride  of  sufficient  quality 
for  an  MNOS  structure,  optimization  of  the  deposition 
process  was  based  on  the  memory  window  size  of  an  MNOS 
capacitor  for  given  write/erase  conditions.  Depos¬ 
ition  parameters  examined  were  RF  power,  substrate 
temperature  and  gas  composition.  Both  nitrogen  and 
argon  were  used  as  carrier  gases. 


"Optimization"  of  the  deposition  garameters 
yielded  a  subst rate^ tempera  Lure  of  300  C,  an  RF  power 
density  of  34  raW/cm  and  NH„/SiH^  =  0.8.  Memory  window 
size  varied  as  a  function  oi  the  flow  of  nitrogen 
carrier,  but  was  independent  of  argon  flow.  Window 
sizes  varied  from  2  to  12  volts  for  a  writing  field  of 
5x10^  V/ cm  and  pulse  widths  between  1  microsecond  and 
10  milliseconds.  The  memory  performance  correlates 
closely  with  the  Si-H  bond  concentration.  Retention 
and  endurance  performance  compared  favorably  with  LPCVD 
and  APCVD  silicon  nitride  devices. 

ANNEALING 

Post-deposit -un  annealing  in  argon  and  nitrogen 
produced  increases  i  memory  window  si2e  of  up  to  25 
percent  for  an  anneal  temperature  and  time  of  475  C 
and  30  minutes,  respectively.  This  treatment  minimizes 
the  Si/N  ratio,  increases  the  Si-H  bond  concentration 
and  reduces  the  insulator  fixed  charge.  Higher  tem¬ 
peratures  and  longer  times  evolve  hydrogen  from  the 
film  and  severely  degrade  memory  performance.  Some 
results  suggest  that  nitrogen  can  be  supplied  to  or 
lost  from  the  film  during  annealing. 

IMPLANTAT ION /ANNEAL 

Implantation  of  argon  and  nitrogen  was  used  to 
modify  the  memory  properties  of  the  nitride  films. 
Improvement  in  memory  window  size  of  up  to  70  percent, 
was  obtained  for  implant  energies  in  the  range  of  25 
to  45  KtV,  implant  fluences  in  the  range  of  10^  to 
10“  ions/cm^  and  beam  currents  of  l  to  5  microampere 5. 
The  implants  were  followed  by  a  475  C  anneal  in  nitro¬ 
gen  for  30  minutes.  Higher  energies  and  fluences 
produced  damage  that  could  not  be  recovered  using  the 
annealing  procedure.  Higher  beam  current  levels  caused 
the  insulator  to  charge  up  and  shifted  the  threshold 
voltage  of  the  MNOS  capacitors  to  values  less  than  -20 
volts.  Penetration  of  the  Si/Si^N^  interface  by  the 
implant  also  destroyed  the  memory  properties  of  the 
device.  Changes  in  memory  window  size  correlated  with 
changes  in  Si-H  bond  concentration.  Increases  in  Si-H 
bond  concentration  caused  by  implantation  occurs  by 
transfer  of  hydrogen  from  nitrogen  to  silicon.  The 
modif ication  of  the  silicon  nitride  using  this  pro¬ 
cedure  did  not  adversely  affect  the  retention  and 
endurance  performance  of  MNOS  capacitors. 

CONCLUSIONS 

Careful  control  of  deposition  parameters  will  per¬ 
mit  the  deposition  of  memory  quality  PECVD  silicon 
nitride.  Post-deposition  annealing  and  implantation/ 
annealing  can  be  used  to  enhance  the  memory  per forma no. 
of  MNOS  devices.  Memory  window  size  correlates  with 
Si-H  bond  concentration. 
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Stacked  silicon  nitride-silicon  dioxide  layers  are  of 
interest  in  such  applications  as  storage  cieiectrics 
for  DRAMs  [lj  and  interpoly  dielectric  in  floating 
gate  non-volatile  memories  [2] .  Ar.  understanding  cf 
the  current  transport  mechanisms  in  such  layers  is 
vital  for  the  successful  scaling  c-f  these  stacks  for 
use  in  future  technologies. 

Thermal  oxide  layers  or.  silicon  nave  beer, 
extensively  studied  because  of  their  importance  to  all 
of  silicon  MOS  technology.  It  is  generally  accepted 
that  the  current  conduction  in  silicon  dioxide  layers 
on  silicon  is  dominated  by  electrons  and  the 
current-field  characterestics  car.  be  modeled  by  the 
well  known  Fowler  Nordheim  tunneling  eouaticn  13) . 

Early  studies  of  current  conduction  in  silicon 
nitride  by  Sze  1 4 ]  led  to  the  conclusion  that  at  high 
electric  fields,  the  conduction  is  bulk-limited  and 
can  be  described  by  the  Poole-Frenkel  characteristics. 
This  mechanism  depends  or,  the  field  enhanced  thermal 
ionization  of  trapped  carriers.  In  general,  the 
current  density  (J)-  electric  field  (E) 
characterestics  for  several  different  mechanisms  are 
exponential  (ignoring  the  field  dependence  of  the 
pre-exponential  factor)  and  of  the  form: 

J  -  exp laEn) 

with  n=-l  for  Fowler  Nordheim  (tunneling) 
characterestics  and  n*l/2  fcr  Poole-Frenkel  conduction 
and  Schottky  emission  and  'a'  is  a  field-independent 
factor  which  is  also  temperature  independent  fcr 
tunneling  (51. . 

Because  of  this,  it  is  difficult  tc  distinguish 
between  these  mechanisms  on  the  oasis  of  current  field 
characterestics  alone  especially  ever  small  ranges  :f 
electric  field.  Sze  [4}  used  the  self  consistency 
between  the  static  dielectric  constant  of  silicon 
nitride  and  the  dielectric  constant  calculated  from 
the  Pocie-Frenkel  plots  tc  infer  that  silicon  nitride 
exhibited  Poole-Frenkel  conduction.  Ir.  addition,  the 
current-field  characterestics  were  found  tc-  be 
essentially  independent  cf  substrate  material,  film 
thickness  and  bias  polarity,  supperting  a  bulk-limited 
process. 

Sze  [4]  assumed  that  electrons  wore  the  carriers 
transporting  charge  although  nc  specific  evidence  fcr 
that  was  seen.  The  suoject  of  the  dominant  current 
carrier  in  silicon  nitride  layers  has  been  revisited 
several  times.  Three  basic  techniques  (all  cf  which 
employ  a  p-n  junction  in  some  form)  have  been  used  for 
separating  the  hole  current  from  the  electron  current. 
Weinberg  (6]  used  a  shallow  junction  tc  separate  the 
carriers  and  suggested  that  holes  dominate  the  current 
conduction  in  silicon  nitride  fcr  both  bias 
polarities.  Schroder  and  White  (7}  used  complementary 
emitter  bipolar  transistors  for  carrier  separation  and 
concluded  that  holes  are  the  dominant  carriers  in 
silicon  nitride.  Ginovker  et.  ai.  [8]  used  an  MIS 
transistor  for  carrier  separation  and  suggested  a 
polarity  dependence  fcr  the  dominant  carrier  ir. 
silicon  nitride.  Arnett  and  Weinberg  [c]  have  reviewed 
the  evidence  for  hole  conduction  m  silicon  nitride. 


Mere  recently,  Yau  \r]  studied  M'S  transistors  w:tr. 
cxice-r.it ride  stacks  ar.d  proposed  that  electrons  are 
the  dominant  carriers  ir.  silicon  .nitride  irrespective 
of  tne  thickness  of  interface!  oxides  wnile  lieu  ar.c 
Chen  ;:Cj  have  argued  that  hole  conduction  dominates 
irrespective  cf  the  thickness  cf  ir.terfacial  c::ice 
layers. 
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electron  or  hole  transport  is  expected  to  dominate 
dielectrics  will  be  identified.  Implications  of  the 


the  design  of  low-leakage  stacked  dielectrics  well  re 
examined. 
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INTRODUCTION 

In  recent  years  silicon  nitride  films  have  begun  to  play  an  important 
role  in  thin  dielectric  applications  for  advanced  memory  technology;  the 
oxide/nitride/oxide  (ONO)  stacked  film  has  become  one  of  the  most 
promising  candidates  for  an  ultra-thin  gate  dielectric  (1-4).  The  well- 
known  advantages  of  ONO  films  over  thin  oxide  films  include  low  defect 
densities,  high  breakdown  fields  and  good  barrier  properties  for 
impurity  diffusion  and  radiation  damage.  However,  certain  properties 
such  as  charge  trapping  and  instability  of  ONO  films  still  need 
clarification  and  improvement.  In  this  study,  we  examined  the  effect  of 
the  processing  conditions  of  silicon  nitride  films  on  the  chemical  nature 
and  charge  trapping  behavior  of  ONO  films. 

CE;  CE  FABR/CATfON 

The  Polysilicon-ONO-Silicon  (SONOS)  capacitors  were  fabricated  on 
P-type  (100)  silicon  substrates  with  resistivities  of  14-22  ohm-cm. 
After  LOCOS  processing,  a  35A  bottom  oxide  was  thermally  grown  in 
diluted  02  in  Ar  with  1%  HCL  at  900C.  The  wafers  were  then  split  into 
three  groups  which  received  NH3:SiH2CL2  gas  ratios  of  5:1,  10:1  and 
20:1  during  deposition  of  the  nitride  films.  For  all  wafers,  the 
deposition  temperature  was  720C,  and  the  nitride  thickness  was  80  v/- 
5A  as  determined  by  an  ellipsometer  on  an  accompanying  test  wafer. 
The  groups  were  combined  and  subjected  to  steam  ambient  at  830C  for 
3  hours  to  grow  approximately  20A  of  oxide  on  top  of  the  nitride.  Next, 
in-situ  phosphorus-doped  polysilicon  gates  were  fabricated  to  form 
SONOS  capacitors  with  areas  of  6.5  x  10-4  cm2.  The  capacitance- 
voltage  technique  was  employed  to  investigate  the  charge  trapping 
behavior  of  the  ONO  films.  The  SONOS  capacitors  were  subjected  to 
constant  voltage  stresses  under  both  positive  and  negative  gate 
polarities  A  microscope  light  was  used  for  positive  gate  bias  to 
provide  inversion  layer  charge.  The  flat-band  voltage  shifts  (  VFB) 
were  monitored  as  a  function  of  time  unfil  they  were  saturated. 

PHYSICAL  AND  ELECTRICAL  CHARACTERISTICS 
The  oxygen,  nitrogen  and  silicon  atomic  concentrations  of  three  ONO 
films,  which  had  the  same  oxide  equivalent  thickness  of  90+/-5A  but 
different  nitride  deposition  gas  ratios,  are  shown  in  Figure  1.  These 
Auger  depth  profiles  show  that  ihe  nitride  films  fabricated  with  the 
20:1  gas  ratio  have  better  resistance  to  the  steam  oxidation  than  those 
fabricated  with  the  5:1  gas  ratio.  This  can  be  seen  from  the  relative 
height  of  the  oxygen  signal  compared  to  the  nitrogen  signal  in  the 
nitride  (now  oxynitride)  layer.  Additionally,  it  should  be  noted  that  ONO 
films  fabricated  with  the  highest  gas  ratio  show  a  thinner  bottom  oxide 
and  a  stronger  nitrogen  signal  in  the  bottom  oxide  At  this  point,  it  is 
not  clear  whether  the  stronger  nitrogen  signal  is  real  or  is  a  depth 
profiling  measurement  artifact  ESCA  results  on  the  other  ONO  films 
show  that  no  nitrogen  could  be  detected  in  the  bottom  oxide  layer  after 
removal  of  the  top  oxide  and  nitride  in  wet  selective  chemical  etch 
solution  (5)  However,  our  work  usmg  Auger  electron  spectroscopy  and 
quasi-static  CV  techniques  sugges's  that  during  the  short  period  of 


silicon  nitride  deposition,  nitrogen  appears  to  penetrate  the  35A  bottom 
oxide  layer  (6).  The  interface  trap  densities  of  the  20:1  gas  ratio  ONO 
dielectric  films  were  also  observed  to  be  higher  compared  to  those  of 
oxide  films  thus  providing  further  evidence  of  nitrogen  penetration. 

Figure  2  illustrates  the  linear  relationship  between  intrinsic  flat- 
band  voltage  and  NH3:SiH2CL2  gas  ratios.  The  flat-band  voltage 
decreases  slightly  as  the  gas  ratio  increases. 

The  influences  of  NH3:SiH2Cl2  gas  ratios  on  the  saturated  flat-band 
voltage  shift  as  a  function  of  time  and  E-field  under  p^^.uve  gate 
voltage  (Vg)  are  shown  in  the  Figures  3  and  4.  These  Figures 
demonstrate  that  negative  charge  trapping  dominated  for  all  three 
types  of  ONO  film  as  indicated  by  a  positive  VFB  shift.  The  VFB  shift  of 
ONO  films  increases  as  the  gas  ratio  increases.  It  is  also  noted  that  the 
VFB  shift  increases  and  rapidly  saturates  as  a  function  of  stressing 
time  and  stressing  E-field. 

Under  negative  Vg  stressing.  Figures  5  and  6  show  that  both 
negative  and  positive  charge  trapping  are  present  in  the  ONO  films 
fabricated  with  NH3:SiH2CL2  gas  ratios  of  10:1  or  higher.  At  the  5:1 
gas  ratio,  only  negative  charge  trapping  occurs  as  indicated  by  positive 
VFB  shift  regardless  of  stressing  conditions.  It  also  appears  that  the 
ONO  films  fabricated  with  a  low  NH3.SiH2CL2  gas  ratio  reach  VFB  shift 
saturation  in  a  shorter  stressing  time  and  at  a  lower  stressing  E-field: 
on  other  hand,  the  ONO  films  fabricated  with  high  NH3:SiH2CL2  gas 
ratio  have  more  charge  trapping  and  an  unstable  VF8  shift  as  shown  in 
Figure  6.  The  VFB  shifting  behavior  of  these  ONO  films  could  be 
explained  by  the  final  film  thickness  and  composition  of  each 
constituent  )ayer(7).  And  these  results  are  consistent  with  the  data 
presented  in  Figure  1. 

CONCLUSION 

Our  results  show  that  nitride  processing  chemistry  can  play  an 
important  role  in  charge  trapping,  carrier  transport  and  chemical 
nature  of  thin  ONO  dielectric  films.  In  particular,  as  the  NH3:SiH2CL2 
gas  ratio  decreases,  the  resistance  of  the  nitride  films  to  steam 
oxidation  decreases,  thereby  enhancing  the  thickening  of  the  bottom 
oxide.  It  the  nitridation  of  the  thin  bottom  oxide  suggested  by  Figure  1 
is  confirmed,  it  is  apparently  more  pronounced  at  higher  gas  ratios. 
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The  importance  of  silicon  nitride  in  the  microelectronics 
industry  is  well  established.  It  has  traditionally  been  used  as  a 
passivating  layer  in  silicon  dioxide  device  technology,  as  well  as  in 
nonvolatile  memory  devices.  More  recently,  however,  it  has  been 
proposed  as  the  primary  dielectric  in  amorphous  hydrogenated 
silicon  thin  film  transistors  O  KI’s).  It  is  well  established  that  the 
electronic  properties  of  silicon  nitride  are  dominated  by  the  presence 
of  deep  trapping  centers[l,2];  these  centers  may  seriously  limit  the 
usefulness  of  silicon  nitride  in  TFTs[3].  Although  intense  effort 
has  gone  into  identifying  these  trapping  centers[4-8],  no  direct 
experimental  evidence  exists  until  now  directly  linking  a  specific 
structural  defect  with  the  trapping  behavior  in  amorphous  silicon 
nitride. 

We  report  results  of  a  study  in  which  we  inject  positive  and 
negative  space  charge  via  corona  discharge  into  amorphous  silicon 
nitride  films.  We  use  electron  spin  resonance  to  monitor  the  density 
of  silicon  dangling  bond  centers,  and  electrical  (capacitance  versus 
voltage,  or  CV)  measurements  to  calculate  the  density  of  trapped 
charge.  We  find  that  the  capture  of  either  positive  or  negative  charge 
by  the  trapping  centers  is  consistently  accompanied  by  an 
approximately  equal  decrease  in  the  density  of  paramagnetic  silicon 
dangling  bond  centers.  We  also  find  that  ultraviolet  (UV) 
illumination  of  charged  nitrides  eliminates  space  charge  and  that  this 
disappearance  of  trapped  charge  is  accompanied  by  an 
approximately  equal  increase  in  the  density  of  silicon  dangling  bond 
centers.  Our  results  provide  the  first  direct  evidence  that  the 
dominant  deep  trap  in  silicon  nitride  films  is  an  amphoteric  silicon 
dangling  bond. 

The  silicon  nitride  samples  used  in  this  study  were  deposited 
via  low  pressure  chemical  vapor  deposition  (LPCVD)  to  a  thickness 
of  5500A.  Substrates  were  crystalline  < 1 1 1  >  silicon  on  which  a 
250A  oxide  had  been  previously  grown.  This  thin  oxide  layer 
eliminated  charge  injection  in  our  nitride  films  at  moderate  fields, 
and  made  our  CV  measurements  reliable.  At  high  fields,  however, 
this  layer  was  thin  enough  to  permit  the  tunnelling  of  carriers 
through  the  oxide. 

Initially,  virgin  LPCVD  silicon  nitride  films  were  illuminated 
for  20  minutes  using  a  100W  mercury  lamp  and  a  4.9eV  mercury 
line  interference  filter;  the  light  intensity  from  this  lamp/filter 
combination  was  estimated  at  lpW-cm*2.  This  UV  illumination  not 
only  creates  a  substantial  increase  in  paramagnetic  defect  density{9] 
(3. 6x10*3  spins-cm’2),  but  also  annihilates  any  space  charge 
previously  trapped  in  the  nitride  (Fig.  la,c,e).  UV  illumination  thus 
allows  us  a  reference  point  in  our  experiment.  In  other  words,  we 
can  cycle  the  samples  through  a  series  of  charging  conditions, 
always  returning  to  our  starting  conditions  (i.e.  a  large  paramagnetic 
defect  density  and  no  trapped  charge)  with  the  aid  of  UV 
illumination. 

After  UV  illumination,  the  samples  were  subjected  to  a 
positive  bias  (with  respect  to  the  substrate)  via  (positive)  corona 
discharge  for  ten  minutes.  During  biasing,  the  current  density  in  the 
samples  was  monitored  and  found  to  be  0.7^A-cm"2.  Under 
positive  corona  bias,  electrons  tunnel  from  the  silicon  substrate 
through  the  oxide  and  into  the  nitride,  where  they  can  be  trapped. 
After  biasing,  ESR  measurements  indicate  a  decrease  in 
paramagnetic  spin  density  of  1.1x10*3  spins-cm*2  to  a  value  of 
2.5x10*3  spins-cm*2,  and  CV  measurements  show  the  midgap 
voltage  (Vmg)  has  shifted  +85  volts  (Fig.  lb).  This  shift 
corresponds  to  roughly  8x10 12  trapped  electrons-cm*2  in  the  silicon 
nitride.  This  increase  in  the  number  of  negatively  charged  trapping 
centers  is  (within  experimental  error)  equal  to  the  decrease  in 
paramagnetic  defects  in  the  silicon  nitride  (Fig.  2).  Electron 
trapping  renders  these  formerly  paramagnetic  and  neutral  centers 
both  diamagnetic  and  negatively  charged. 


Next,  the  samples  were  subjected  to  UV  illumination  for  20 
minutes;  the  number  of  paramagnetic  defects  increased  to  3.6x10*3 
spir.s-cm'2,  and  Vmg  shifted  -85  volts  back  to  the  origin  (Fig  lc). 
This  could  be  explained  several  ways;  one  possible  explanation  is 
that  the  UV  light  pho  code  populates  the  electrons  previously  trapped 
during  biasing,  which  in  turn  eliminates  any  trapped  charge  in  the 
nitride.  In  any  case,  UV  illumination  annihilates  any  charge  in  the 
nitride.  The  negatively  charged  centers’  return  to  a  paramagnetic 
state  is  accompanied  by  their  loss  of  an  electron.  The  silicon 
dangling  bond  center  in  amorphous  silicon  nitride  is  again  neutral  in 
its  paramagnetic  state. 

The  samples  were  at  this  point  subjected  to  a  negative  bias 
(with  respect  to  the  silicon  substrate)  using  (negative)  corona  ions 
for  ten  minutes;  current  through  the  samples  was  the  same  as  in  the 
case  of  positive  bias.  Under  negative  corona  bias,  hole  injection 
from  the  silicon  substrate  takes  place  via  tunnelling,  and  holes  are 
trapped  in  the  nitride.  This  biasing  resulted  in  a  decrease  in 
paramagnetic  center  density  of  8x10* 2  spins-cm*2  to  a  value  of 
2.8x10*3  spins-cnr2.  CV  measurements  indicate  Vmg  shifted  -35 
volts,  indicating  roughly  3x10* 2  trapped  holes-cm-2  in  the  nitride 
(Fig.  Id).  The  decrease  in  paramagnetic  centers  is  again  (within 
experimental  error)  approximately  equal  to  the  number  of  charged 
centers  in  the  nitride  (Fig.  2).  Holes  trapped  at  the  neutral 
paramagnetic  centers  render  these  centers  both  positively  charged 
and  diamagnetic. 

Finally,  the  samples  were  illuminated  with  UV  light  for  20 
minutes;  the  spin  density  increased  by  8xlO*2  spins-cm'2  to  its 
original  value  of  3.6x10*3  spins-cm*2  and  Vmg  shifted  +30V  to  a 
value  of  -5V  (Fig.  le).  This  is  again  consistent  with  the 
disappearance  of  holes  at  silicon  dangling  bond  centers,  rendering 
the  centers  both  paramagnetic  and  neutral. 

In  conclusion,  we  present  for  the  first  time  conclusive 
evidence  that  paramagnetic  neutral  silicon  dangling  bond  defects  in 
silicon  nitride  may  capture  either  electrons  or  holes.  The  capture  of 
either  an  electron  or  a  hole  renders  the  neutral  defect  diamagnetic  and 
charged.  These  dangling  bonds  are  on  silicon  atoms  bonded  to  three 
nitrogen  atoms[  10].  Charged  defects  can  be  returned  to  their  neutral 
paramagnetic  state  with  the  aid  of  4.9eV  illumination.  Our  results 
suggest  that  this  is  the  dominant  defect  responsible  for  the  trapping 
behavior  observed  in  silicon  nitride  films.  Furthermore,  our  ability 
to  cycle  the  defect  between  its  paramagnetic  neutral  state  and  both  its 
charged  diamagnetic  states  suggests  that  the  optical  generation  of 
dangling  bonds  in  amorphous  silicon  nitride  involves  no  complex 
structural  rearrangement,  but  simply  changes  in  the  charge  and  spin 
states  of  the  defect. 
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Figure  I.  ESR  and  CV  data;  (a)  following  20  minutes  of  UV 
illumination,  (b)  following  10  minutes  positive  corona  bias,  (c) 
following  a  second  20  minute  exposure  to  UV  illumination,  (d) 
following  10  minutes  of  negative  corona  bias,  (e)  following  a  third 
20  exposure  to  UV  illumination. 
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Figure  2.  CV  (d  charge)  and  ESR  (d  spins)  data  plotted  to  show 
the  relative  changes  in  paramagnetic  and  electrically  active  defect 
densities  following  biasing  and  illumination  operations  performed 
throughout  the  study.  The  charge  and  spin  states  of  the  defect  at 
each  point  throughout  the  study  are  also  shown. 
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Introduction 

In  general,  silicon  nitride  films  deposited  at  low 
temperatures  (below  500°C)  by  plasma  enhanced  chemical 
vapor  deposition  (PECVD)  tend  to  be  silicon-rich.  Carrier 
trapping  in  such  silicon-rich  films  (x<1.33)  has  been 
found  to  be  a  problem.^)  Hence,  these  films  may  be  useful 
for  passivation  in  IC  technology  but  they  are  normally  not 
suitable  for  applications  as  gate  dielectrics  in  MIS  devices. 
Nevertheless,  silicon-rich  PECVD  nitride  films  have  been 
used  in  thin  film  transistors  (TFT)  with  modest  stability  by 
limiting  the  maximum  operating  electric  field  to  about  or 
below  3x10^  Vera' * .(2.3)  Recently,  it  was  found  that  under 
some  experimental  conditions,  nitrogen-rich  films  (x>1.33) 
can  be  deposited  by  PECVD  technique.  It  has  also  been 
shown  that  nitrogen-rich  films  have  less  carrier  trapping 
problems  than  silicon-rich  films. 0*4)  We  report  here  on 
the  investigation  of  the  electrical  stability  of  these  films  as 
gate  dielectrics  in  metal-nitride-semiconductor  (MNS) 
devices  with  Al-a-SiNx  :H-n-Si  capacitor  structures  and 

explore  the  possibility  of  enhancing  film  properties  by 
rapid  thermal  annealing  (RTA). 

Experimental 

The  silicon  nitride  films  of  this  study  were  deposited 
by  PECVD  technique  from  undiluted  silane  and  ammonia 
gas  mixtures  on  n-lype  silicon  wafers  chemically  cleaned 

by  the  RCA  method.  The  deposition  conditions  such  as 
deposition  temperature  Ts,  RF  power  density  Prf,  the 
ammonia  to  silane  flow  ratio  and  the  pressure  P  together 
with  the  resulting  chemical  composition  in  terms  of  Si/N 
ratio  and  hydrogen  concentration  Ch  are  summarized  in 
Table  I.  After  film  deposition,  aluminum  dots  were 
deposited  by  magnetron  sputtering  onto  the  top  surface  of 
the  nitride  films.  Each  sample  was  subsequently  cut  into 

three  or  more  pieces:  one  for  control,  one  for  400°C  and 
the  other  for  600°C  RTA,  respectively.  RTA  was  usually 
performed  for  five  minutes  with  an  AG  210  heat  pulse 
system.  It  was  found  that  after  600°C  RTA  for  five  minutes 
in  Ar,  either  before  or  after  Al  gate  deposition,  most  of  the 
samples  became  very  leaky.  However,  most  of  the 
investigated  samples  remained  highly  insulating  after 
400°C  RTA  for  five  minutes.  Consequently,  only  the 
results  before  and  after  400°C  RTA  are  discussed.  The 
Hatband  voltage  (Vpg),  the  hysteresis  in  Hatband  voltage 
(AVh),  the  density  of  fixed  charge  (Nf)  and  the  mid-gap 
interface  states  density  <Nm  g )  were  deduced  from  low 
frequency  (10Hz)  and  high  frequency  (1MHz) 
capacitance- voltage  (C-V)  measurements  at  room 
temperature  for  0  to  -20V  sweeps.  Electrical  stability  was 
evaluated  by  performing  bias  temperature  stress  (BTS) 
experiments. 


Results  and  Discussions 

Table  II  compares  the  electrical  properties  observed 
for  a  number  of  samples  deposited  at  various  deposition 
conditions.  The  data  also  show  the  the  effect  of  rapid 
thermal  processing  on  film  properties;  that  is,  results  are 
given  for  samples  before  and  after  a  400°  C  RTA  for  5 
minutes.  By  comparing  a  silicon-rich  sample,  sample 
SFMNS#1,  and  a  nitrogen-rich  sample,  sample  SFMNS#2, 
deposited  at  the  same  temperature,  250° C,  it  can  be  seen 
that  the  hysteresis  is  smaller  for  a  nitrogen-rich  sample. 
By  comparing  samples  SFMNS#2,  SFMNS#4  and  SFMNS#S, 
which  are  nitrogen-rich  films  deposited  at  different 
temperatures,  it  can  be  seen  that  the  hysteresis  is  smallest 
at  around  400°C.  In  general,  both  the  fixed  charge  density 
Nfand  the  mid-gap  density  of  states  Nmg  are  decreased 
after  RTA. 

The  thickness  of  films  in  the  SFMNS  series  is  about 
800A.  This  is  very  thin  when  compared  with  the  thickness 
of  nitride  films  used  in  TFTs  in  the  literature,  which  is 
about  3000-5000 A. (2, 3)  Hence  to  get  a  fair  assessment  of 
the  electrical  stability  for  the  same  stress  voltage  as  that 
used  in  the  literature^ .  3)  >  a  thicker  film  has  to  be 
considered.  Bias  temperature  stress  (+15V,  80°C)  results  for 
sample  SF#2,  a  2150a  thick  nitrogen-rich  film  deposited  at 
350°C,  before  and  after  400°C  RTA,  are  shown  in  Ftg.  1.  Vpg 
of  sample  SF#2A  (SF#2  as  deposited)  continued  to  shift  in 
the  positive  direction  during  BTS.  However.  Vpg  of  sample 
SF#2B  (SF#2  after  RTA)  remained  constant  for  more  than 
10  hours  during  BTS.  This  is  true  over  a  wide  temperature 
range  from  25°C  to  80°C.  The  advantage  of  the  400°C  RTA  is 
therefore  very  significant.  This  is  excellent  when 

compared  with  +12V  BTS  results  on  3000-5000 A  thick 
silicon-rich  nitride  films  in  the  literature. (2.3) 
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TABLE  I 


The  deposition  parameters  and  the  resulting  chemical  composition  of  PECVD  a-SiN,.H  films 


Sample 

T, 

CC) 

Niiy 

SilU 

Pressure 

(Torr) 

Si/N 

Ch 

(at  %) 

SFMNSBl 

250 

0.047 

3 

0.43 

l 

SFMNSB2 

250 

0.047 

J2 

0.43 

0.62 

37.4 

SFMNSI4 

400 

0.047 

12 

0.43 

0.62 

31.5 

SFMNSB5 

500 

0.047 

12 

0.43 

0.62 

23.8 

SF#2 

350 

0.21 

15 

0.43 

0.61 

TABLE  II 

Some  electrical  properties  of  PECVD  a-SiNx:H  films  before  and  after  400<>C  5  min.  RTA 


Sample 

Thickenss 

(A) 

RTA  <400°C 

5  mini 

Vfb 

(V* 

avh 

(V) 

Nr 

Util  2) 

N  m  j 

SFMNSBIA 

950 

No 

-4 

5.5 

1.7x10** 

-I0« 

SFMNSB1B 

950 

Yes 

-3.5 

10.5 

1.6x10'! 

-10“ 

SFMNS42A 

800 

No 

-7 

3.8 

3.5x101! 

-10'! 

SFMNSB2B 

800 

Yes 

-1.3 

3.5 

7x10" 

-10“ 

SFMNSB4A 

800 

No 

-10.2 

1.5 

5.9x10'! 

-10‘2 

SFMNSB4B 

800 

Yes 

-3 

2 

1.5x10'! 

-10“ 

SFMNSB5A 

900 

No 

-5 

3.5 

2  6x10'! 

-10“ 

SFMNSB5B 

900 

Yes 

•7 

5  3 

2x10'! 

-10“ 

SFB2A 

2150 

No 

•  to 

1.8 

1  4x10'! 

— 10*2 

SFH2B 

2150 

Yes 

-5.5 

0.5 

7x10" 

-10“ 

Figure  1 .  The  flatband  voltage  shift  AVpg  under 

+1 5V  80°C  BTS  of  a  MNS  capacitor  with 
a  nitrogen-rich  PECVD  silicon  nit.ide 
film  before  and  after  400°C  5  min.  RTA. 
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1 . 0  Introduction 

Emphasis  in  this  talk  will  he  on 
silicon  dioxide  and  silicon  nitride  films 
because  these  two  dielectrics  are  the 
rest  widely  used  in  modern  integrated 
circuit  technology.  Their  uses  and  the 
cher -.cal  and  electrical  properties  that 
resul*  in  their  widespread  use,  and  the 
methods  of  preparation  that  produce  the 
proi«>?ties  desired  are  the  p;a  jor  topics 
of  tins  talk. 

2 . 0  Silicon  feioxide 

The  thermal  oxidation  of  silicon  is 
one  of  the  key  processes  of  modern 
inteorated  circuit  technology.  No  known 
insulator  -  semiconductor  system  can  be 
^toricated  with  electrical  properties 
that  maximize  transistor  and  diode 
performance,  yield,  and  stability  to  the 
same  extent  as  the  thermally  grown 
silicon  dioxide  -  silicon  system. 
Thermally  grown  silicon  dioxide  is  used: 
(1)  to  passivate  or  render  the  silicon 
surface  electrically  neutral  and  inert  in 
planar  bipolar  transistors  and  p-n 
junction  diodes,  (2)  for  gate  dielectric 
in  unipolar  transistors,  (3)  to  isolate 
one  device  from  another,  (4)  to  isolate 
multiple  levels  of  device  interconnection 
from  one  another  and  from  the  substrate, 
and  (5)  as  a  mask  against  dopant 
impurities  durinq  integrated  circuit 
processing . 

Thermal  oxides  are  usually  grown  in 
a  resistance  heated  furance  held  at  a 
temperature  around  1000  °  C  by  a 
temperature  controller,  a  cylindrical 
fused  quartz  tube  in  which  the  silicon 
wafers  are  placed,  and  a  source  of  either 
pure  dry  oxyqen  or  pure  water  vapor.  It 
has  been  experimentally  demonstrated  that 
an  oxidizing  species  moves  through  a 
previously  qrown  oxide  film  and  reacts 
with  the  silicon  at  the  s i 1 i con - si  1 i con 
dioxide  interface.  Therefore,  the 
valence  bonds  of  the  silicon  surface 
atoms  are  satisfied  by  the  silicon  atoms 
below  the  surface  and  by  oxv\.tn  atoms 
above  the  surface.  However,  a  small 
density,  typically  one  atom  in  a  thousand 
silicon  surface  atoms,  of  electrically 
active  defects  is  observed.  Such  defects 
are  likely  to  be  formed  because  the  oxide 
occupies  a  volume  about  2.2  times  the 
volume  of  the  silicon  from  which  it 
forms.  Defects  are  formed  to  accommodate 
this  volume  expansion.  Because  of  the 
extreme  sensitivity  of  the  silicon 


■  . rfacf*  to  small  amounts  of  charge,  even 
such  a  small  density  of  electrically 
act; ve  defects  is  undesirable.  The 
defects  are  minimized  by  annealing, 
described  in  the  talk,  to  acceptable 
levels  of  about  one  defect  in  about 
100,000  silicon  atoms.  The  defect 
densities  can  be  maintained  at  such  low 
levels  by  encapsulation  with  a  thin  film 
of  silicon  nitride. 

3 . 0  Silicon  Nitride 

Because  silicon  nitride  is  a  much 
denser  material  than  silicon  dioxide,  it 
is  used  as  an  oxygen  barrier  or  mask  in 
integrated  circuit  fabrication,  and  a 
sodium  barrier  to  maintain  integrated 
circuit  stability  against  environmental 
contamination  during  operation.  Used  as 
an  oxidation  mask,  it  is  possible  to  have 
oxide  isolation  rather  than  junction 
isolation  resulting  in  reduced  device 
size.  The  oxidation  masking  feature  also 
allows  self-alighment  and  simplified 
masking  that  translate  into  higher  yields 
and  lowered  costs.  The  most  commonly 
used  method  to  deposit  thin  films  of 
silicon  nitride  is  chemical  vapor 
deposition  from  a  gaseous  mixture  of 
either  silane  or  silicon  tetrachloride 
diluted  to  1-3%  in  hydrogen  and  ammonia. 
The  volatile  silicon  compound,  silane  or 
silicon  tetrachloride,  reacts  with  the 
ammonia  at  temperatures  above  850  °  C  to 
form  silicon  nitride  which  then  deposits 
on  the  substrate  to  form  a  continuous 
film. 
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Deal  and  Grove  (1)  proposed  that  oxide  growth  rates  are 
separable  into  two  oxide  thickness  regimes.  In  their  model, 
growth  of  thick  oxides  is  limited  by  oxygen  diffusion  to  the 
interface  whereas  growth  of  thin  oxides  is  limited  by  the 
rate  of  the  interfacial  reaction  and  is  independent  of  oxide 
thickness.  However,  during  thin  oxide  growth  in  dry  02, 
the  oxidation  rates  deviate  from  this  model  (1).  An 
anomalously  high  growth  rate  is  observed  which  decreases 
with  increasing  film  thickness.  Many  models  were  proposed 
to  account  for  the  thin  oxide  growth  rate  dependence  on 
oxide  thickness  but  no  single  model  is  generally  accepted. 
This  remains  a  key  unanswered  question  in  Si  oxidation 
kinetics. 

The  effect  of  SiOa  film  thickness  on  alternate  reactions 
at  a  Si-SiO,  probes  th^se  factors  that  affect  thin  3i02 
growth.  The  reaction  between  Si  and  Si02,  in  which  the 
reactants  are  at  the  interface,  is  dependent  on  thermal  oxide 
film  thickness  (2).  Similarly,  the  nitridation  reaction  at  a 
Si-Si02  interface  with  N2  is  thickness  dependent  (3). 
Reactant  transport  to  the  interface  is  not  rate-limiting  for 
either  reaction.  The  observed  thickness  dependencies  arc 
separable  into  two  oxide  thickness  regimes  that  are  compa¬ 
rable  to  the  regimes  in  the  Deal  and  Grove  model.  A 
mechanism,  which  is  applicable  to  thin  oxide  growth  in  02, 
is  proposed  for  the  thickness  dependencies  of  the  interfacial 
oxidation  and  nitridation  reactions. 
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Introduction 

The  effects  of  shrunk  process  technologies 
at  constant  gate  operation  voltages  on  the 
quality  requirements  of  gate  oxides  has 
provided  an  enormous  challenge  to  state  of 
the  art  technology  in  semiconductor  manufac¬ 
ture.  This  paper  presents  the  results  of  an 
effort  to  improve  gate  oxide  quality  through 
process  modification  with  the  goal  to  pro¬ 
vide  a  manufacturable  growth  technique  for 
thin  gate  oxides  around  175A  with  the  use  of 
dilute  steam  treatment  during  the  oxidation, 
followed  by  an  anneal  in  dry  oxygen. 

Experimental  Methods 

The  method  of  time-zero  dielectric  reli¬ 
ability  determination  by  ramp  voltage  to 
breakdown  (1,2)  was  extensively  used  for 
first  order  growth  technique  comparison. 
Also  used  were  a  forced  current  method  while 
monitoring  the  voltage  across  the  oxide  in 
time,  before  and  after  stress  I-V  compari¬ 
sons,  and  Vfb  shifts  after  constant  current 
stressing.  Finally,  transistors  were  built 
and  performance  comparisons  were  made 
between  standard  gate  oxidation  process 
techniques  and  experimental  techniques. 

A  range  of  capacitor  sizes  from  6.35E-2  cm2 
to  6.35E-4  cm2  was  constructed  on  silicon 
wafers  to  examine  as  grown  oxide  quality. 
The  capacitor  edges  terminated  on  thick 
oxide  to  prevent  influence  from  high  fields 
at  the  top  capacitor  plate  edge.  A  two 
photomask  sequence  and  standard  process 
technique  was  used  in  fabrication.  The 
samples  were  processed  together  except  at 
the  oxidation  step,  but  the  same  equipment 
was  used  to  grow  the  various  oxides.  Once 
an  as  grown  oxide  quality  improvement  was 
seen  on  the  capacitors,  transistors  were 
built  using  a  0.8um  CMOS  technology  to 
examine  the  oxide's  sensitivity  to  full 
process.  Also  examined  was  the  Influence  of 
the  oxidation  technique  on  the  operation 
parameters  of  the  transistor. 

Results  and  Discussions 

Field  breakdown  distributions  from  large 
capacitors  were  used  to  generate  TDDB  plots 
based  upon  the  assumption  that  the  time 
required  for  dielectric  breakdown  of  an 
oxide  depends  exponentially  on  the  applied 
electric  field,  i.e.  log  t(F)*logt  (R)-fY(Eb- 
Ea];  where:  t(R)  =  1/(1n10)  ( V )  (ramp 
rate),  v  *  the  field  acceleration  factor 

(3),  Eb  *  the  breakdown  field  and  Ea  &  the 
desired  operating  field.  By  this  method,  a 
5V  oxide  pinhole  density  and  latent  defect 
densities  from  TDDB  plots,  for  the  as  grown 
oxides  could  be  determined.  The  steam/ 
anneal  treated  oxides  have  a  two-fold 


improvement  in  the  pinhole  density  (In  I  s 
exp  [-AD],  Y  =  yield,  A  &  area,  D  =  defect 
density)  using  a  total  test  area  of  over  10 
cm2  per  sample  wafer.  A  70  times  improve¬ 
ment  is  seen  in  the  3000  hour  defect  den¬ 
sity,  about  35  FITs  calculated  from  the  TDDB 
plots.  Field  breakdown  distributions  from 
small  capacitors  gave  us  comparisons  of  the 
intrinsic  breakdown  of  the  oxides.  Small 
capacitors  on  the  as  grown  test  vehicle  as 
well  as  the  capacitors  built  with  fully 
processed  devices  have  higher  field  break¬ 
down  values  when  the  oxides  are  grown  with 
the  steam/  anneal  techniques  rather  than  in 
dry  oxygen. 

I-V  curve  comparisons  of  dry  and  steam/ 
anneal  treated  oxides  show  little  difference 
in  Fowler-Nordbelm  electron  tunneling  at 
voltage  ramp  rates  of  0.7  volts/second. 

CV  measurements  were  taken  before  and  after 
several  current  density  stresses  (2E-4 
amps/cm2  range)  were  applied  to  capacitors. 
Vfb  shifts  and  voltage  drift  to  maintain  a 
constant  leakage  current  through  the  oxide 
show  that  the  steam/anneal  oxides  have  lower 
electron  trap  densities  than  the  dry  oxides 
(A, 5).  Constant  leakage  current  tests  also 
showed  longer  times  to  fail  for  a  given 
current  density  for  the  steam/anneal  oxides. 
Transistors  built  to  0.8  urn  CMOS  technology 
with  the  experimental  technique  show  little 
difference  in  the  Vt ,  Gm  or  BVDII  from 
standard  process.  The  breakdown  fields  of 
n  +  and  p+  finger  structure  capacitors  on  the 
completed  devices  also  are  similar  between 
the  dry  and  steam/anneal  growth  techniques. 

Summary 

A  thin  gate  oxide  process  has  been  developed 
and  illustrated,  which  Improves  0.8  urn  CMOS 
device  yield  and  reliability.  The  growth 
technique  used  to  improve  the  gate  oxide 
quality  involves  a  diluted  oxygen  in  argon 
step  at  the  beginning  of  the  growth  cycle, 
followed  by  the  addition  of  hydrogen  and 
chlorine.  The  third  step  of  oxidation 
Involves  an  anneal  in  dry  oxygen  before  the 
ramp  down  in  argon.  The  stability  of  the  DC 
parameters  of  the  CMOS  transistors  is 
believed  to  be  due  to  the  fact  that  the 
interfaces  are  of  oxides  grown  from  dry 
oxygen . 
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INTRODUCTION 

The  oxidation  process  recipe  is  an  important  factor  in 
determining  the  integrity  of  thin  gate  oxides  (1).  A 
sacrificial  oxidation  step  before  the  gate  oxidation  of 
MOS  devices  is  also  known  to  improve  the  oxide 
integrity(2,  3,  4).  However,  the  relative  improvement  in 
gate  oxide  integrity  from  different  gate  oxide  processes 
in  conjunction  with  different  sacrificial  oxidation 
processes  is  not  known.  To  this  end,  experimental  splits 
with  two  different  sacrificial  and  gate  oxidation 
processes  were  performed.  The  splits  included  wafers 
which  were  slightly  damaged  by  reactive  ion  etching 
during  nitride  etching  process  after  field  oxidation  step 
(4,5). 

It  is  shown  that  the  gate  oxide  integrity  is  a  function 
of  sacrificial  oxidation  process  as  well  as  of  the  final  gate 
oxidation  recipe.  Improvements  in  gate  oxide  breakdown 
was  observed  for  slight  etching(20nm)  of  silicon  in 
agreement  with  results  reported  in  reference  (3, 5). 

EXPERIMENTAL  METHODOLOGY 

A  specially  designed  test  structure  containing  large 
number  of  MOS  capacitors  with  areas  ranging  from  0.01 
mm2  to  10  mm?  was  used  in  this  work.  The  devices  were 
fabricated  by  growing  first  an  initial  pad  oxide  of  250  A 
thickness  on  p-type  <100>  20  fi-cm  resistivity  wafers. 
A  CVD  nitride  film  of  1200  A  thickness  was  deposited 
and  patterned  to  define  field  oxidation  windows  on 
silicon  prior  to  gate  oxidation  process.  To  simulate  a 
CMOS  fabrication  cycle,  an  n-well  ion  implant  was 
carried  out  with  doubly  ionized  phosphorous  ions  at 
beam  energy  of  300  KeV.  Also,  a  phosphorous  n-well 
field  implant  was  performed  at  40  KeV.  The  ion 
implantation  was  followed  by  a  dry  oxidation  cycle  at  900 
°C  for  150  minutes  and  a  well  drive  cycle  in  N2  at  1 150  °C 
for  140  minutes.  Boron  field  implant  was  then  performed 
at  65  KeV,  followed  by  field  oxidation  cycle  at  1000  °C  for 
approximately  five  hours. 

After  field  oxidation,  the  wafers  were  divided  into 
three  groups  and  processed  according  to  the  schematics 
shown  in  Fig.  1.  Tables  1  and  2  show  the  sacrificial  and 
gate  oxidation  recipes  used  for  this  split.  At  the  end  of 
the  gate  oxidation,  the  wafers  were  combined  together 
and  processed  as  a  single  lot.  After  polycide  (CVD 
WSi/poly)  and  cap  oxide  depositions,  contact  windows 
were  opened  to  polycide  gate  for  electrical 
measurements.  A  forming  gas  anneal  was  done  at  450  °C 
for  20  minutes  before  measurements. 

The  oxide  breakdown  (V  )  measurements  were 
performed  on  Kiethly  system  300  parametric  tester.  The 
voltage  was  increased  In  1  volt  steps  until  a  current  of 
.lum  was  reached.  This  was  taken  as  the  breakdown 
criterion  for  20nm  thick  oxide.  A  mean  breakdown 
voltage  of  18  volts  was  obtained  for  good  devices. 
However,  for  statistical  analysis  of  breakdown  data,  a 
Vo,  of  15  volts  was  taken  as  80  %  yield  value  for  the  20 
nm  thick  gate  oxide. 

RESULTS  AND  DISCUSSION 

A  total  of  28,000  devices  were  probed  and  analyzed  for 
this  experiment.  The  defect  densities  were  calculated  by 
plotting  yields  vs  device  area  for  different  recipes  as 
shown  in  Fig.  2.  Poisson  distribution  function  was  used 
to  calculate  the  defect  densities. 


A  graph  of  calculated  defect  density  for  each  of  the 
different  area  test  structures  against  the  edge/area  ratio 
is  shown  in  Fig.  3  for  some  of  the  results  shown  in  Fig.  2. 
It  appears  from  Fig.  3  that  the  edge  to  area  ratio  is  the 
controlling  factor  for  increased  defect  density  for  small 
area  devices.  It  may  also  be  concluded  that  the  edge 
defects  are  the  dominant  defects  removed  after  sacrificial 
oxidation  process.  This  extreme  edge/area  dependence  of 
small  area  devices  accounts  for  the  data  point  deviation 
from  graph  lines  of  Fig.  2  for  oxides  without  sacrificial 
oxidation  process  compared  to  the  oxides  with  sacrificial 
oxidation  process.  Straight  line  behavior  of  data  points  in 
Fig.  2  further  shows  that  simple  Poisson  distribution 
function  is  adequate  to  •waluate  the  gate  oxide  defect 
densities  from  results  of  thin  gate  oxide  (  Tos>  200  A) 
experiments. 

Table  3  summarizes  the  results  of  average  defect 
densities  obtained  for  each  split  performed.  The  relative 
improvement  in  dry  oxide  defect  density  after  sacrificial 
oxidation  process  is  significant  compared  to  wet  oxide. 
Unlike  dry  gate  oxide  results,  the  defects  from  wet  oxide 
do  not  seem  to  have  been  removed  significantly  after 
sacrificial  oxidation  process.  These  results  indicate  that 
the  defect  removal  after  the  sacrificial  oxidation  process 
is  a  strong  function  of  final  gate  oxidation  recipe.  In 
these  splits  two  different  sacrificial  oxidation  recipes 
were  used  as  shown  in  Table  1  and  Table  2.  One  of  these 
had  no  anneal  and  had  short  wet  oxidation  process 
compared  to  the  other  recipe.  Despite  these  differences, 
no  advantage  of  one  of  these  recipe  over  the  other  in 
removing  defects  from  gate  oxide  was  observed, 
indicating  that  the  final  gate  oxide  recipe  is  relatively 
more  important  in  removing  the  defects  from  these 
devices. 

Another  important  split  for  this  lot  has  been  the 
silicon  etching  at  the  nitride  etching  step  after  field 
oxidation.  The  results  for  this  split  are  shown  in  Table  3. 
Apparently  a  marked  improvement  in  oxide  breakdown 
is  observed  after  silicon  etching.  These  results  are  in 
agreement  with  results  reported  by  Itsumi  et  al  and  D. 
Jullie  (3,  5).  A  cautious  conclusion  is  that  the  slight 
silicon  surface  etching  can  help  improve  the  thin  gate 
oxide  integrity. 

CONCLUSION 

The  greatest  impact  of  sacrificial  oxidation  process  is 
observed  on  gate  oxide  grown  with  dry  process  compared 
to  wet  process  as  most  of  the  non  random  defects  are 
completely  eliminated  from  oxide  after  sacrificial 
oxidation  process.  No  significant  difference  in  oxide 
integrity  is  observed  if  sacrificial  oxidation  recipe  is 
changed  from  wet  to  dry/wet  oxidation  recipe  with  or 
without  anneal.  It  is  also  shown  that  gate  oxide  integrity 
is  improved  if  there  is  slight  etching  of  silicon  prior  to 
gate  oxidation  process.  However,  no  further 
improvement  in  gate  oxide  integrity  is  observed  with 
sacrificial  oxidation  process  once  the  reactive  ion  etching 
of  silicon  has  taken  place.  Finally,  it  has  been  shown  that 
simple  Poisson  distribution  is  quite  adequate  for  defect 
analysis  of  thin  gate  oxide. 
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Fig.  1  Schematicss  of  the  splits  used  to  study  sacrificial 
oxidation  effects  on  gate  oxide  quality. 


Fig.  2. Typical  plots  of  yield  vs  device  area  of  different 
wafers  trom  the  same  lot.  Each  straight  line 
represents  data  from  a  single  wafer.  A):  Dry  cate 
oxide  without  sacrificial  oxide.  Dotted  lines  snow 
two  slope  behavior  of  plotted  data.  B):  Dry  gate 
oxide  with  sacrificial  oxide.  Note  the  reduction  in 
defect  density  and  collinearitv  of  data  points  for 
group  (B)  compared  to  group  (A)  wafers. 


Edge/Area  ratio  (mm1) 


Fig.  3  Change  in  defect  density  with  respect  to  change  in 
the  edge  to  area  ratio  of  MOS  devices. 


Table  1.  Sacrificial  oxidation  recipes 


Dry/wet 

recipe 

Dry  oxidation  in  0,  at  900  oC  for  5  min 

Wet  oxidation  inO*  +  H  ,  +  MCI  for  5  min. 

Anneal  in  N ,  at  9000  C  for  15  min 

Wet 

recipe 

Wet  oxidation  in  O,  +  H„  +  MCI  for  11.5  min  at  800  C 
No  anneal 

Table  2.  Gate  oxidation  recipes 


Dry  gate 
oxide  recipe 

Dry  oxidation  in  O,  +  HC1  at  950  °C  for  22  min 
Anneal  in  N2  at  950  ’C  for  15  min 

Wet  gate 
oxide  recipe 

Wet  oxidation  in  0.,  +  Hz  +  IIC1  for  1 1  5at  850  "C 
Anneal  in  N?at  1000°C  for  20  min 

Table  3.  Defect  densities  tabulated  against  the 
splits  performed  in  this  experiment. 


Split  type 

Defect 

density 

Wet  oxide  with 
sacrificial  oxide 

1.0 

Wet  oxide  without 
sacrificial  oxide 

l  0 

Dry  oxide  without 
sacrificial  oxide 

1  0 

Dry  oxide  with 
sacrificial  oxide 

0.7 

Etched  silicon  with 
sacrificial  o*di* 

04 

Etched  silicon  without 
sacrificial  oxide 

0  4 
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Vacancy  Generation  at  the  Si/SiC>2 
Interface  Caused  by  SiO  Formation 
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W.  A.  Tiller 

Department  of  Materials  Science  and  Engineering 
j  Integrated  Circuits  Laboratory 
Stanford  University,  Stanford,  CA  94305 

At  high  temperatures  and  low  oxygen  partial 
pressures,  the  decomposition  of  SiO^  can  occur  by 
reacting  with  Si  supplied  from  the  substrate  to 
form  volatile  SiO,  Si  +  Si02  — *  2SiO[l]-[3],  As 
Si  atoms  cross  the  Si/SiO^  interface  to  form  SiO, 
excess  vacant  lattice  sites  will  be  left.  Thus,  the 
Si/SiO?  interface  could  act  as  a  vacancy  source 
when  annealed  in  an  inert  atmosphere  at  high 
temperature.  A  vacancy  supersaturation  in  Si 
would  lead  to  retarded  diffusion  of  P  and  enhanced 
diffusion  of  Sb,  since  P  and  Sb  are  known  to  diffuse 
predominantly  by  interactions  with  self-interstitials 
and  vacancies[4],  respectively.  It  would  also  lead 
to  an  accelerated  shrinkage  of  extrinsic  stacking 
faults[5].  It  is  the  purpose  of  this  work  to  identify 
if  there  is  vacancy  generation  during  SiO  forma¬ 
tion  by  observing  P  and  Sb  diffusion  and  stacking 
fault  shrinkage. 

For  the  dopant  diffusion  studies,  a  dose  of  ei¬ 
ther  10H/cm2  P  or  Sb  were  separately  implanted 
into  p-type  float  zone  (FZ)  silicon  wafers.  Af¬ 
ter  growing  an  oxide  of  about  40  nm  thickness, 
LPCVD  SiaN^  films  were  deposited  and  patterned. 
The  resulting  test  structures  had  P  or  Sb  uni¬ 
formly  implanted  and  alternating  stripes  of  Si02 
and  Si3N4/Si02,  as  shown  in  Fig.  1.  The  anneal¬ 
ing  was  done  in  Ar  at  1100°C  for  8  h.  Junction 
profiles  were  subsequently  observed  by  the  angle¬ 
lapping  and  staining  technique.  For  the  stacking 
fault  experiment,  large  stacking  faults  were  ob¬ 
tained  by  Si+  implantation  with  a  dose  of  5  x 
1013/cm2  followed  by  thermal  oxidation  at  U00°C 
for  12  h.  Stacking  fault  shrinkage  under  thin  Si02 


and  Si3N4/Si02  was  observed  as  the  samples  were 
further  annealed  at  1100°C  in  Ar. 

Figure  2  shows  a  junction  profile  with  P.  P  dif¬ 
fusion  under  the  thin  SiC>2  film  is  retarded  com¬ 
pared  to  that  under  Si3N4/Si02  ,  while  Sb  shows 
the  opposite  behavior.  It  diffuses  faster  under 
SiC>2  than  under  SijN^/SiOj,  as  shown  in  Fig. 
3.  The  change  in  the  average  stacking  fault  size 
with  annealing  time  under  Si02  and  SisN-i/SiCh  is 
shown  in  Fig.  4.  Stacking  faults  under  thin  SiC>2 
shrink  much  faster  than  those  under  Si3N4/Si02- 
The  dopant  diffusion  and  stacking  fault  results 
obtained  here  strongly  suggest  that  there  is  a  va¬ 
cancy  supersaturation  in  Si  under  the  SiC>2  film 
annealed  in  Ar  at  high  temperature  and  that  it 
is  the  result  of  vacancy  generation  at  the  Si/Si02 
interface  by  SiO  formation.  The  presence  of  S13X1 
on  Si02  is  expected  to  suppress  SiO  formation  by 
blocking  outdiffusion  of  SiO. 

This  work  was  supported  by  the  Defense  Ad¬ 
vanced  Research  Projects  Agency  (DARPA)  and 
the  DOD  VHSIC  Program  under  Contract  No. 
DAAL  01-86-K-0101  and  by  the  Semiconductor 
Research  Corporation  under  Contract  No.  SRC 
87-SJ-101. 
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Figure  1:  Test  structure  for  dopant  diffusion. 
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Figure  2:  Phosphorus  junction  profile  after  an¬ 
nealing  for  8  h  at  1100°C  in  Ar. 
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Figure  4:  The  change  of  the  size  of  stacking  faults 
in  Si  under  SiC>2  and  SisN’i/SiOj  with  annealing 
time  at  1100°C  in  Ar. 


Figure  3:  Antimony  junction  profile  after  anneal- 
ing  for  8  h  at  1100°C  in  Ar. 
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In  VLSI  processing,  thermally  grown  SiC>2  is  extensively 
used  as  a  dielectric  film  and  LPCVD  nitride  (Si3N4)  is  used  as  a 
passivation  or  isolation  layer.  However,  LPCVD  nitride  is 
known  to  be  in  a  state  of  high  intrinsic  film  stress  which  can  not 
be  relaxed  even  at  1000°C.  Hence,  direct  deposition  of  nitride 
on  bare  silicon  is  shown  to  generate  ’dislocations  1,2  or  even 
crack  the  wafer  3  if  film  thickness  is  not  properly  controlled. 
Therefore,  a  pad  n*;ae  is  used  to  reduce  or  compensate  the 
stress  resulting  from  LPCVD  nitride.  Even  though  a  pad  oxide 
can  effectively  reduce  the  stress  from  LPCVD  nitride,  the  dis¬ 
continuous  film  edge  has  been  shown  by  x-ray  topography  4-7 
or  x-ray  diffraction  theory  on  Pendelldsing  fringes  to  intro¬ 
duce  stress  in  the  substrate  which  can  not  be  eliminated  at  high 
temperature  .  Another  common  stress  source  in  VLSI  process¬ 
ing  is  atomic  misfit  which  results  from  the  tetrahedral  radius 
difference  between  an  impurity  species  and  the  Si  matrix .  Mis¬ 
fit  dislocations  are  generated  1  ,12  with  increasing  impurity 
concentration.  This  stujy  is  designed  to  reveal  the  combined 
effect  of  film  edge  and  atomic  misfit  on  dopant  diffusion. 

In  order  to  reveal  film  edge  effects,  a  mask  with  dif¬ 
ferent  window  widths  ranging  from  2(KVm  to  lam  is  used.  The 
film  is  composed  of  LPCVD  nitride/pad  oxide  layer  with  thick¬ 
ness  ratios  vaiying  from  1.1  to  7.0.  Dopant  species  (boron,  ar¬ 
senic,  and  antimony)  are  implanted  uniformly  into  the  substrate 
before  the  windows  are  open.  The  annealing  is  always  carried 
out  in  N2  atmosphere  in  a  double  wall  furnace  system.  This  se¬ 
quence  allows  us  to  compare  directly  thediffusion  at  window 
edges  with  a  control  area  under  the  dual  insulators. 


Figure  1  shows  a  typical  angle  lapped  and  stained  boron 
junction  profile  with  an  implantation  dose  of  3  x  1015/cm2  on 
( 100)  wafer.  Thickness  ratio  of  LPCVD  nitride  and  pad  oxide  is 
6.5  and  window  width  is  200nm.  Retardation  or  "cusp"  junction 
profiles  are  observed  at  the  vicinity  of  film  edge.  The  interac¬ 
tion  of  adjacent  film  edges  on  junction  profiles  was  observed  13 
with  decreasing  window  width.  This  retardation  or  cusp  junc¬ 
tion  profile  is  mainly  observed  at  an  implantation  dose  above  3 
x  10*4  and  for  nitride/oxide  ratios  larger  than  4,4. 


For  arsenic  with  an  implantation  dose  of  1  x  1016/cm2 
on  (IDO)  wafers,  no  junction  profile  abnormality  can  be  found 
even  at  LPCVD  nitride/pad  oxide  ratios  which  yield  effects  with 
boron  and  antimony.  Typical  arsenic  out  diffusion  can  be  ob¬ 
served  only  after  a  long  annealing  time. 


The  results  obtained  here  show  clear  evidence  of  dopant 
species  and  concentration  dependence  of  junction  profiles  in 
window  regions.  It  is  plausible  that  the  observed  junction 
profiles  for  boron  and  antimony  are  related  to  the  film  edge  in¬ 
duced  elastic  stress  field  on  the  substrate.  However,  it  is  ob¬ 
served  that  the  combination  of  atomic  misfit  and  film  edge 
induced  stress  can  exceed  the  critical  shear  stress  of  silicon  and 
hence  generate  dislocations.  The  observed  abnormal  "  cusp  * 
for  boron  and  “  down  cusp "  for  antimony  arc  accompanied  by  a 
very  dense  array  of  dislocations  along  the  film  edge.  It  is 
proposed  that  the  observed  effects  are  related  to  the  influence 
of  combined  misfit  and  window  edge  stresses  as  well  as  the 
generation  and  movement  of  dislocations. 
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Figure  2  shows  similar  test  structure  of  antimony  junc¬ 
tion  profiles  with  an  implantation  dose  of  2.5  x  1015/cm2  on 
(111)  wafers.  The  LPCVD  nitride/pad  oxide  ration  is  3.3  and 
window  width  is  again  200^m.  Enhancements  or  "down  cusp" 
junction  profiles  were  observed.  This  effect  is  opposite  to 
boron.  With  thinner  nitrides,  no  such  enhancement  was  ob- 
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Figure  1.  The  window  edge  effect  on  boron  junction 
profiles.  Thickness  ratio  of  LPCVD  nitride  and  pad  oxide  is  6.6 
(  3172A/484A  ).  Window  width  is  200pjn.  Retardation  or 
"cusp"  can  be  observed  at  the  vicinity  of  film  edge.  Lapping 
angle  *  0.33°.  Magnification  :  200X  . 
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Figure  2.  The  window  edge  effect  on  antimony  junction 
profiles.  Thickness  ratio  of  LPCVD  nitride  and  pad  oxide  is  3.3 
(  3025A/922A  ).  Window  width  is  200p.m.  Enhancements  or 
"down  cusp"  junction  profiles  exist  at  the  vicinity  of  film  edge. 
Lapping  angle  :  0.20°.  Magnification  :  200X  . 
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INTRODUCTION 

Yn  this  work,  LPCVD  oxide  films  have 
been  evaluated  for  use  as  an  intermetal 
dielectric  film.  For  use  as  an  intermetal 
dielectric,  the  LPCVD  film  must  meet 
requirements  of  good  integrity  and  not 
affect  susbsequent  metal  quality.  This  work 
was  initiated  because  LPCVD  film  substrates 
were  found  to  degrade  the  quality  of  metal 
deposited  on  the  glass.  Degradation  of 
metal  quality  by  LPCVD  oxide  substrates  has 
been  previously  observed  (1) .  The  degraded 
metal  film  quality  was  reflected  in  poor 
electromigration  performance  of  the  metal 
lines . 

EXPERIMENT 

Low  temperature  LPCVD  oxide  films  of 
varying  phosphorus  concentrations  (0%,  2%, 
4%,  and  8%)  were  deposited  on  bare  Si  wafers 
with  an  vertical  LPCVD  reactor.  Stress  and 
FTIR  spectrum  of  the  LPCVD  oxide  films  was 
monitored  as  a  function  of  time  from 
deposition.  Al-l%Si  was  sputtered  on 
another  set  of  oxide  wafers  which  had  been 
allowed  to  "age”  in  air  for  different 
periods  in  time.  After  Al-l%Si  deposition, 
the  reflectance  and  residual  resistance  2 
ratio  (R  j  of  the  metal  was  measured.  R  is 
the  ratio  of  metal  sheet  resistance  at  room 
temperature  to  that  at  liquid  nitrogen 
temperature . 

RESULTS 

Metal  film  quality  turned  out  to  be  the 
most  sensitive  monitor  of  LPCVD  oxide 
substrate  integrity.  The  variation  in  Al-Si 
with  phosphorus  concentration  in  the 
oxide  substrate  is  shown  in  Figure  1.  The  8% 
P  oxide  did  not  appear  to  degrade  metal  film 
quality  at  all,  while  the  4%  P  oxide 
substrate  resulted  in  the  worst  metal  film 
quality.  Stress  measurements  showed  no 
change  in  oxide  film  stress  (20  MPa  to  -20 
MPa)  for  any  of  the  films  over  a  period  of 
three  weeks.  Also,  the  stress  temperature 
ramp  for  the  0%  P  glass  showed  no  hysteresis 
as  a  function  of  temperature  (room 
temperature  to  600c)  as  shown  in  Figure  2 . 
FTIR  spectrum  showed  the  presence  of  -OH  in 
all  the  LPCVD  oxide  films  except  for  the  8% 

P  glass.  Even  after  3  weeks  of  exposure  to 
air,  the  FTIR  spectrum  of  the  8%  P  oxide 
film  showed  no  -OH  peaks. 

The  model  to  explain  this  behavior  is 
that  the  moisture  c  icentration  is 
significant  only  near  the  surface  of  these 
LPCVD  oxide  films  and  this  moisture  appears 
to  be  loosely  bonded  to  the  glass.  During 
subsequent  metal  sputter  deposition,  the 
moisture  outgasses  and  results  in  poor  metal 
film  quality.  Since  the  moisture  exists 
predominantly  close  to  the  glass  surface,  it 
does  not  significantly  affect  the  oxide  film 
stress  and  make  it  more  compressive,  as 


would  be  expected  from  absorption  of 
moisture  into  the  bulk  of  the  glass. 

Finally,  LPCVD  oxide  films  dipped  in  a 
buffered  HP  solution  immediately  prior  to 
metal  deposition  (to  remove  -1000A  of2the 
glass  surface)  resulted  in  improved  of 
the  Al-Si  by  approximately  0.5,  again, 
indicating  high  surface  concentration  of 
moisture.  To  better  understand  the 
mechanism  by  which  phosphorus  concentration 
in  the  glass  substrate  affects  metal 
quality  we  are  undertaking  moisture  emission 
analysis  and  further  FTIR  measurements  of 
these  films. 

CONCLUSIONS 

Phosphorus  concentration  of  LPCVD  oxide 
film  substrates  was  found  to  have  a  strong 
effect  on  subsequent  metal  film  quality. 
According  to  the  proposed  model,  the 
absorption  and  subsequent  outgassing  of 
moisture  at  the  surface  was  found  to  degrade 
metal  quality  on  low  phosporus 

LPCVD  oxide  substrates . 
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Fig.  1:  R2  of  Al-l%Si  as  Function  of 
Phosphorus  Concentration  in  LPCVD  Oxide. 
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Introduction 

Despite  the  fact  that  oxygen  diffusion  in  vitreous  silica  has  been 
widely  studied  over  the  past  thirty  years,  contradictions  continue 
to  surface  in  the  literature.  Reported  activation  energies  range 
from  82  to  454  kJ/mol  and  the  range  in  the  absolute  magnitude  of 
reported  diffusion  coefficients  covets  several  orders  of  magnitude 
at  any  particular  temperature.  In  addition,  it  has  been  argued  that 
the  oxygen  transport  mechanism  in  thermally  grown  silica  films  is 
qualitatively  different  than  in  bulk  vitreous  silica.  As  a  result  of 
oxygen- 18  tracer  studies  in  bulk  vitreous  silica,  double  oxidation 
experiments  on  single  crystal  silicon,  and  determination  of  electric 
potentials  generated  during  thermal  oxidation  of  molybdenum 
disilicide,  we  have  concluded  that  oxygen  is  mobile  by  two 
independent  mechanisms,  one  involving  step  wise  motion  within 
the  network  oxygen  and  the  other  involving  the  motion  of 
dissolved  interstitial  oxygen.  The  fractional  concentration  of 
oxygen- 18  is  not,  in  general,  at  equilibrium  between  the  two 
types  of  oxygen. 

Double  Oxidation 

Two  sets  of  double  oxidation  experiments  have  been  carried 
out.  In  these  experiments  a  sample  of  single  crystal  silicon  is 
oxidized  in  an  atmosphere  of  natural  oxygen  to  grow  a  thermal 
oxide  film  roughly  one  half  micron,  the  atmosphere  is  then 
switched  to  one  enriched  in  oxygen- 1 8  and  oxidation  is  allowed 
to  continue.  The  distribution  of  the  oxygen- 18  within  the  final 
oxide  film  is  determined  using  either  SIMS  or  NRA. 

A  SIMS  profile  (showing  the  absolute  counting  rates  for 
mass- 1 6  and  mass- 1 8  as  a  function  of  distance)  on  a  specimen 
oxidized  for  3.4  hr  in  natural  oxygen  followed  by  oxidation  for 
15  hr  in  an  oxygen- 18  enriched  atmosphere  at  IC00*C  is  shown 
in  figure  1.  Two  regions  of  oxygen- 1 8  enrichment  are  observed: 
one  near  the  free  surface  of  the  thermal  oxide  and  the  other  at  the 
interface  between  the  silicon  and  the  oxide.  The  enrichment  near 
the  free  surface  is  ascribed  to  gas  exchange  and  diffusion  via  the 
network  oxygen.  The  enrichment  near  the  silicon  is  ascribed  to 
permeation  of  the  thermal  oxide  by  interctitial  oxygen  which  docs 
not  undergo  a  tracer  exchange  reaction  with  the  network.  This 
indicates  that  oxygen  is  mobile  by  two  distinct  mechanisms  in  the 
glass  structure.  As  such  it  is  appropriate  to  model  the 
development  of  the  concentration  profile  as  the  sum  of  two 
independent  solutions  to  the  diffusion  equation. 

More  recent  work  has  shown  that  at  temperatures  in  excess  of 
1 100°C  substantial  network-interstitial  isotope  exchange  occurs, 
as  can  be  seen  in  figure  2.  The  consequence  of 
network- interstitial  exchange  is  to  add  an  additional  term  in  the 
governing  partial  differential  equation: 


- D —  +  fi(C-l) 

dt  d2x 

A  solution  to  this  equation,  involving  three  constants:  a  surface 
exchange  coefficient;  a  network  oxygen  diffusion  coefficient,  D, 
and  a  network-interstitial  exchange  coefficient,  B,  was  developed, 
analyzed,  and  applied  to  the  observed  concentration  profiles. 

Self-Diffusion  In  Vitreous  Silica 
Gas  exchange  experiments  were  carried  out  with  high  purity 
bulk  vitreous  silica  samples  over  the  temperature  range  of 
800- 1 200°C.  The  resultant  oxygen- 1 8  profiles  are  qualitatively 
consistent  with  the  results  obtained  from  double  oxidation. 
Samples  exchanged  at  low  temperatures  have  concentration 
profiles  which  are  well  fit  by  a  complementary  error  function 
while  those  exchanged  at  high  temperture  (see  figure  3)  display  a 
deeply  penetrating  low  level  "tail"  as  expected  with 
network- interstitial  exchange. 


It  is  concluded  that  the  same  processes  arc  operative  in  both 
bulk  vitreous  silica  and  thermal  oxide  films  although  the  relative 
rates  of  the  process  differ  somewhat  in  magnitude. 

Electric  Potential  Development  Acroaa  Growing 
Thermal  Oxide 

Tracer  results  suggest  that  oxidation  is  solely  the  result  of 
oxygen  motion  via  an  interstitial  mechanism,  i.e.  that  oxygen 
moving  through  the  network  does  not  contribute.  It  hypothesized 
that  this  is  observed  because  the  network  transport  requires  the 
motion  of  charged  defects  while  the  interstitial  transport  is  by 
neutral  molecules.  If  the  transference  number  of  the  oxide  is 
sufficiently  close  to  one  a  space  charge  will  rapidly  develop 
which  opposes  the  oxygen  chemical  potential  gradient  and  the 
driving  force  for  network  diffusion  is  restricted  to  the  tracer 
concentration  gradient.  Experimental  measurements  found  that 
significant  voltages  are  developed  across  a  thermal  oxide  scale  on 
a  rod  of  MoSi2  at  temperatures  on  the  order  of  !000°C  indicating 
that  this  is  a  reasonable  interpretation. 

Depth  (nm) 


oxide  film  grown  under  natural  oxygen  for  3.4  hours  and  an  oxygen- 1 S 
atmosphere  for  15  hours  at  1000°C. 


Figure  2.  A  SIMS  profile  of  an  thermal  oxide  film  grown  under  natural 
oxygen  for  3  hours  and  an  oxygen-18  atmosphere  for  14  hours  at  1 200°C. 
The  dashed  line  represents  the  best  fit  to  the  profile  using  a  solution  to  the 
diffusion  equation  which  accounts  for  network-interstitial  exchange. 


Ototn  t  (net 

Figure  3.  A  SIMS  profile  on  a  sample  of  bulk  vitreous  silica  (GE- 1 24)  after 
24  hour  exchange  at  l  lOO'C.  The  "tail"  is  well  described  using  a  solution 
which  includes  network  interstitial  exchange. 
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INTRODUCTION 

This  paper  is  concerned  with  the  quantitative  interpre¬ 
tation  of  the  infrared  dielectric  function  of  thin  amorphous 
silicon  dioxide  (a-Si02)  films. 

With  the  discovery1  of  the  longitudinal  optic  (LO)- 
transverse  optic  (TO)  frequency  splitting  of  the  vibrational 
modes  in  tetrahedral  glasses  and  a-Si02  in  particular,  certain 
problems  have  arisen  concerning  some  of  the  infrared  vibra¬ 
tional  modes  of  a-Si02.  These  problems  pertain  to  the  fre¬ 
quency  assignment  of  it’s  highest  frequency  LO  mode1,2  and 
to  the  origin  and  nature  of  the  optical  mode  that  corresponds 
to  highest  frequency  peak  in  it’s  vibrational  density  of  states 
(VDOS)  spectrum.3,4  Added  to  these  problems,  as  will  be 
shown,  is  the  problem  of  making  a  correct  determination  of 
the  strength  of  the  TO  mode  associated  with  the  highest  fre¬ 
quency  LO  mode  of  a-Si02. 

This  paper  shows  how  a  reinterpretation  of  the  a-Si02 
infrared  dielectric  behavior  to  include  the  LO-TO  frequency 
splitting  of  an  additional  vibrational  mode  can  remove  these 
disagreements  in  frequency  and  mode  assignments  and  allow 
the  correct  determination  of  the  TO  mode  strength. 

DISCUSSION 

The  infrared  dielectric  behavior  of  a-Si02  is  analyzed  in 
terms  of  it’s  optically  active  LO-TO  vibrational  modes.  It  is 
found  that  the  usual,  three  optical  mode,  independent  oscil¬ 
lator  model  fails  to  model  the  infrared  dielectric  function  of 
a-Si02  correctly.  In  particular,  it  is  found  that  the  three 
mode  dielectric  function  for  a-Si02  fails  to  yield  a  consistent 
value  of  mode  strength  for  the  optically  active  oxygen  asym¬ 
metric  stretch  (AS,)  TO  mode  at  1075  cm'1  (in-phase  motion 
of  adjacent  oxygen  atoms)  when  different  but  equivalent 
methods  of  measurement  and  analysis  are  used. 

This  inconsistency  is  resolved  by  introducing  “disorder- 
induced”  mechanical  coupling  between  the  AS,  mode  and  the 
relatively  optically  inactive  oxygen  asymmetric  stretch  (AS2) 
mode  (out-of-phase  motion  of  adjacent  oxygen  atoms)  into 
the  oscillator  model  for  the  dielectric  function.  As  a  result, 
this  coupling  gives  rise  to  a  fourth  optically  active  mode  in 
a-Si02  with  an  inverted  LO-TO  frequency  pair  spectrum 

Coupled  AS,  and  AS2  mode  LO-TO  frequency  pairs  are 
experimentally  observed  as  peaks  at  approximately  1256  - 
1076  cm'1  and  1160  -  1200  cm'1,  respectively,  in  oblique- 
incident  p-polarized  absorption  spectra  of  thin  a-Si02  films 
grown  thermally  on  c-Si  wafers.  Additionally,  two  other  LO- 
TO  mode  pairs  are  observed  in  these  spectra  as  absorption 
peaks  at  approximately  820  -  810  cm'1  and  507  -  457  cm  *. 

Analysis  shows  that  the  simplest  form  of  the  coupled¬ 
mode  model  consistent  with  experimental  results  is  one  in 
which  LO-TO  frequency  splitting  of  the  AS,  vibrational 
mode  is  due  to  the  relatively  large  transverse  effective  charge 
that  is  associated  with  this  mode  whereas  the  splitting  of  the 


AS2  mode  is  due  to  the  mechanical  coupling  between  these 
two  modes  and  not  to  the  transverse  effective  charge  that  is 
associated  with  the  AS2  mode  which  is  negligibly  small.  The 
nature  of  the  vibrational  modes  at  approximately  1200  and 
1256  cm'1  is  resolved  and  shown  to  be  the  AS2  TO  and  the 
AS,  LO  modes,  respectively,  consistent  with  experimental 
results  and  analytic  requirements  that  LO  and  TO  modes  be 
interspersed  and  that  as  a  result  of  lying  between  the  LO-TO 
frequencies  of  the  AS,  mode  the  LO-TO  frequency  splitting 
of  the  AS2  mode  be  inverted. 

Comparison  of  these  experimental  LO-TO  mode  pair 
frequencies  with  the  VDOS  spectrum  of  a-Si02  shows  that 
the  VDOS  spectral  peaks  correspond  quite  well  with  the  AS, 
and  AS2  TO  absorption  peaks  and  that  no  salient  VDOS 
spectral  features  correspond  with  the  AS,  and  AS2  LO 
absorption  peaks.  The  results  of  this  comparison  are  con¬ 
sistent  with  a  recently  published  numerical  simulation  study 
of  LO-TO  frequency  splitting  of  vibrational  modes  in  AX2 
type  glasses.4  In  that  study,  it  is  shown  that  TO  modes  pro¬ 
duce  peaks  in  the  VDOS  spectrum  but  because  of  the 
strongly  negative  dispersion  of  the  LO  modes  there  are  no 
LO  peaks  in  the  VDOS  spectrum. 


CONCLUSION 

An  optically  active  fourth  vibrational  mode  with  an 
inverted  LO-TO  frequency  spectrum  is  found  in  a-Si02  and 
shown  to  be  due  to  “disorder-induced"  mechanical  coupling 
of  the  two  AS  modes.  This  fourth  optical  mode  is  able  to 
resolve  the  problem  of  the  frequency  assignment  of  the 
highest  frequency  LO  mode  of  a-Si02,  putting  it  at  1256 
cm'1.  It  is  able  to  allow  the  making  of  a  correct  determina¬ 
tion  of  the  strength  of  the  1076  cm'1  TO  mode  associated 
with  the  highest  frequency  LO  mode  of  a-Si02.  Finally,  this 
fourth  optical  mode  is  able  to  explain  the  origin  and  TO 
nature  of  the  optical  mode  that  corresponds  to  the  highest 
frequency  peak  in  the  VDOS  spectrum  of  a-Si02  at 
=sl200  cm'1. 
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I.  Introduction 

The  usefulness  of  SIMOX  (Separation  by  IMplanted 
OXygen)  material  as  substrates  for  radiation  hard  devices 
depends  upon  the  quality  of  the  top  Si  layer,  the  buried  oxide, 
and  the  interfaces.  There  have  been  several  previous  studies  of 
the  structural  properties  of  SIMOX,  including  the  use  of  XTEM 
(cross-section  transmission  election  microscopy)  to  determine  the 
thickness  and  crystallinity  of  the  layers,  and  SIMS  and  RBS  to 
determine  the  stoichiometry  of  the  oxide  (1).  Although  these 
techniques  are  useful  for  characterizing  reasonably  homogeneous 
materials,  they  have  limited  utility  for  studies  on  materials  which 
may  contain  mixtures  of,  for  example,  Si02  and  crystalline  Si. 

We  report  here  the  results  of  a  study  of  the  structure  of 
SIMOX  using  spectroscopic  ellipsometry.  It  has  been  demon¬ 
strated  that  such  measurements  can  be  used  to  determine  the 
thickness  and  stoichiometry  of  each  layer  of  a  multilayer  structure 
as  well  as  provide  quantitative  information  on  the  extent  of 
mixing  of  crystalline  and  amorphous  material  (2).  In  addition, 
the  technique  is  nondestructive  and  does  not  require  perturbative 
sample  preparation  (as  does  XTEM)  which  may  affect  sample 
quality. 

II.  Experimental 

The  samples  consisted  of  single  crystal  (100)  Si,  implanted 
at  near  normal  incidence  with  2.3  X  1018  O  atoms/cm2  at  180 
keV.  Sample  temperatures  during  implant-  ation  were  maintained 
at  500  *C.  Following  preparation  one  sample  was  further 
annealed  at  1275  'C  for  2  hours.  The  samples  were  then  briefly 
etched  in  dilute  HF  to  remove  the  surface  oxide  which  might  have 
formed  during  implantation  and  annealing. 

The  wavelength-scanning  polarization-modulated  ellip- 
someter  used  for  the  measurements  has  been  described  elsewhere 
(3).  Measurements  of  the  ellipsometric  angles  A  and  4*  were 
performed  over  the  photon  energy  range  from  ~  1.5  -  4.5  eV. 

The  angle  of  incidence  was  61 .42  degrees. 

III.  Results 

Comparisons  of  A  and  4>  for  the  unannealed  and  annealed 
samples  are  shown  in  Fig.  1.  The  sensitivity  of  the  mea¬ 
surements  to  changes  caused  by  implantation  and  annealing  is 
clearly  evident. 

Analysis  of  these  measurements  uses  the  same  procedure 
described  elsewhere  (2).  Briefly,  this  procedure  uses  n-lavcr 
models,  the  Bruggeman  effective  medium  approximation  for 
physical  mixtures  (4),  the  model  of  Zuther  for  chemical  mixtures 
(5),  and  regression  analysis  for  characterization  of  a  particular 
material  system. 

For  the  unannealed  sample  the  simplest  model  consists  of 
a  crystalline  Si  overlayer,  a  stoichiometric  oxide  (assumed  to 
have  the  dielectric  function  of  fused  silica  (6))  and  a  crystalline 
substrate.  The  differences  (  8a  and  840  between  the  experimental 
measurements  and  the  best  fit  values  using  this  simple  model  are 
plotted  in  Fig.  2  (Model  (a)). 

Previous  studies  have  shown  that  samples  prepared  under 
similar  conditions  may  tack  sharp  interfaces  (1),  and  some  IR 
studies  have  suggested  that  the  buried  oxide  may  be  non- 
stoichiometric  (7).  Therefore,  additional  model  calculations  were 
performed  which  included  these  possibilities. 

The  structure  which  results  in  the  best  agreement  with  the 
data  is  shown  in  Fig.  3,  and  the  8a  and  84*  values  are  shown  in 
Fig.  2  (Model  (b)).  The  best  fit  structure  for  the  unannealed 
sample  is  fairly  complicated,  with  oxide  precipitates  in  the 
crystalline  Si  overlayer  and  additional  transition  layers  at  the 
crystalline  Si  overlayer/  noncrystalline  Si02  and  noncrystalline 
SiOySi  substrate  interfaces. 

The  same  analysis  procedures  were  used  for  the  annealed 
sample.  Values  of  8a  and  84*  are  shown  in  Fig.  4  (Model  (a))  for 
a  structure  assumed  to  consist  of  a  crystalline  Si  overlayer,  a 
noncrystalline  Si02  layer  and  a  Si  substrate.  The  best  fit 
structure  for  the  annealed  sample  is  diagrammed  in  Fig.  5,  and 
the  8a  and  84/  values  are  shown  in  Fig.  4  (Model  (b)).  The 

AH 


unusual  feature  is  the  inclusion  of  crystalline  Si  regions  (with  a 
volume  fraction  of  9  ±  0.5  %)  in  the  noncrystalline  SiC>2  layer. 

IV.  Discussion  and  Conclusions 

For  the  unannealed  sample  the  best  fit  model  (Fig.  3) 
indicates  that  the  oxide  is  stoichiometric  SiO^  This  is  in  apparent 
contradiction  to  infrared  measurements  (7)  but  in  agreement  with 
the  results  of  SIMS  and  RBS  (8,9).  However,  the  value  of 
0.03 1  for  the  unbiased  estimator  (defined  in  (2))  indicates  that  the 
model  may  be  inaccurate,  since  values  less  than  0.02  can 
typically  be  attained  (2).  The  large  value  of  the  unbiased 
estimator  might  be  due  to  two  assumptions  used  in  the  model 
calculations:  (1)  that  the  formed  oxide  is  fused  silica,  and  (2)  that 
the  dielectric  functions  of  nonstoichiometric  oxides  are  adequately 
represented  by  the  model  of  Zuther.  Hensel  et  al.  (9)  have 
suggested  that  radiation  damage  (rather  than  non-  stoichiometry) 
may  be  responsible  for  the  IR  shift  in  unannealed  SIMOX.  In 
this  case  the  buried  oxide  which  forms  prior  to  annealing  may 
have  a  structure  (and  therefore  optical  properties)  different  from 
either  fused  silica  or  the  nonstoichiometric  oxides  examined  by 
Zuther.  Further  experiments  are  in  progress  to  investigate  these 
possibilities. 

For  the  sample  annealed  at  1275  "C  our  measurements 
indicate  that  the  oxide  is  stoichiometric,  but  contains  about  9  % 
crystalline  Si.  The  existence  of  these  regions  was  confirmed  by 
removing  the  Si  overlayer  with  a  hydrazine  etch  (which  does  not 
attack  noncrystalline  Si02)  and  observing  that  the  remaining 
oxide  layer  was  pitted.  Profilometer  measurements  showed  that 
many  of  these  pits  extended  through  the  oxide.  Since  this  was 
the  only  sample  studied  which  had  been  annealed  at  1275  *C,  it  is 
unclear  whether  such  Si  inclusions  are  common  in  high 
temperature  annealed  SIMOX.  Some  XTEM  stidies  (10)  have 
also  indicated  the  presence  of  Si  islands  in  ti  e  oxide  after 
annealing  at  1300  *C.  The  annealed  sample  also  has  a  transition 
layer  between  the  oxide  and  the  substrate  which  consists  of  a 
mixture  of  crystalline  Si  and  7%  noncrystalline  Si02.  This 
transition  layer  has  been  observed  in  several  previous  studies  (1). 

In  conclusion,  we  have  used  ellipsometry  to  determine  the 
structure  of  SIMOX.  For  the  annealed  sample  we  have  found 
that  the  oxide  contains  crystalline  Si.  and  for  the  unannealed 
sample  we  have  found  that  the  oxide  may  not  be  fused  silica,  as 
has  commonly  been  assumed 
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Figure  1 .  A  (top  panel)  and  4*  (lower  panel)  versus  photon  3# 

energy  (E  (eV))  for  the  unannealed  sample  (solid  curve)  and  the 
annealed  sample  (dashed  curve). 


Figure  3.  Structure  for  the  unannealed  sample. 


Figure  4.  Differences  between  the  measured  and  calculated 
values  of  A  (8a,  top  panel)  and  H'  (84'.  bottom  panel)  for  two 
models.  Model  (a)  (solid  curve)  consists  of  a  Si  surface  layer 
and  noncrystalline  SiOj  layer  on  a  Si  substrate.  Model  (M 
(dashed  curve)  is  the  best  fit  model. 
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Figure  2.  Differences  between  the  measured  and  calculated 
values  of  A  (8a  ,  top  panel)  and  4*  (84*,  bottom  panel)  for  two 
models.  Model  (a)  (solid  curve)  consists  of  a  Si  surface  layer 
and  a  noncry. stall ine  Si02  layer  on  a  Si  substrate.  Model  (b) 
(dashed  curve)  is  the  best  fit  model. 


Figure  5.  Structure  for  the  annealed  sample. 
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INTRODUCTION 

Fixed  wavelength  elllpsometrlc  analysis  of  thin  S102 
films  on  silicon  usually  yields  refractive  index 
values  much  higher  than  the  customary  value  of 
n  ■  1.46  for  the  bulk  material.  This  effect  is  often 
attributed  to  deficiencies  in  the  data  reduction  soft¬ 
ware,  hence  the  Index  value  Information  Is  discarded 
as  erroneous. 

Systematic  study  of  the  apparent  increase  In  Si02 
refractive  index  with  decreasing  oxide  thickness  is 
the  objective  of  the  present  work. 

EXPERIMENTAL  RESULTS 

Samples  for  this  study  were  prepared  by  dry  oxidation 
of  Si(100)  in  the  700*C  to  1050*0  temperature  range. 
High-  and  atmospheric-pressure  reactors  were  used. 

One  set  of  examined  samples  was  prepared  by  LPCVD 
technique.  Fixed  wavelength  (632.8  nm) ,  70*  angle  of 
incidence  elllpsometrlc  measurements  were  interpreted 
In  terms  of  film  thickness  and  effective  refractive 
index  with  the  aid  of  the  algorithm  reported  in  [1). 

In  this  work  the  substrate  complex  refractive  index 
was  assigned  the  value  of  3.858  -  0.0181. 

Some  of  the  results  are  summarized  in  Figure  1  as  a 
plot  of  extracted  refractive  index  vs  extracted  oxide 
thickness.  The  most  interesting  feature  of  the 
present  data  set  is  lower  sensitivity  of  effective 
refractive  index  to  apparent  oxide  thickness  for 
higher  temperature  oxides.  Deposited  Si02  exhibits 
the  weakest  dependence  of  refractive  index  on  thick¬ 
ness. 

DISCUSSION 

For  the  purpose  of  optical  modelling  and  subsequent 
discussion  of  experimental  results  we  shall  adopt  the 
S1-S102  interface  model  developed  in  [2].  According 
to  this  model,  high  density  interfacial  oxide  under¬ 
goes  a  transition  to  bulk  density  dynamically,  in  the 
process  of  film  growth.  The  distance  over  which 
density  relaxation  takes  place  must  be  related  to 
oxide  viscosity  at  the  growth  temperature  [2].  Since 
viscosity  undergoes  a  transition  at  viscous  flow  point 
at  approximately  950°C  [3,4,5],  the  thickness  of  the 
high  density  transition  region  should  be  minimized  at 
higher  temperatures  and  longer  oxidation  times.  Our 
optical  model  of  the  Interfacial  region  is  based  on  a 
process  temperature-dependent  transition  region  width 
of  approximately  3  nm,  as  suggested  in  [2].  It  also 
takes  into  account  the  suggestion  by  Aspnes  and 
Theeten  that  a  realistic  interface  model  should  he 
based  on  a  continuously  graded  structure  [6].  We 
assume  tha*  oxide  refractive  index  at  any  point  is 
adequate  .y  approximated  by  the  simple  relationship: 

n  -  2.44  expJ-0.5  *  (X /S)2 |  +  1.46  (1) 

where  X  is  distance  measured  from  Si-S102  interface, 
and  S  is  the  parameter  describing  the  transition 
region  width.  Numerical  values  of  2.44  and  1.46  in 
expression  (l)  are  selected  to  accomodate  the  range  of 
refractive  index  values  from  bulk  (1.46)  to  the 


space-averaged  3.2  +  0.4  reported  for  the  interface 
[6,7].  Film  stratification  is  illustrated  in 
Figure  2.  The  structure  is  composed  by  successively 
adding  0.2  nm  wide  regions  to  the  film,  starting  with 
bare  Si  substrate.  Each  added  layer  is  assigned  a 
constant  value  of  refractive  index,  as  shown  in 
Figure  2.  The  topmost  layer  of  the  structure  is 
assigned  n  ■  1.46  when  expression  (1)  yields 
n<  1.460001.  The  thickness  of  the  topmost  layer  is 
then  Incremented  for  modelling  of  films  thicker  than 
the  transition  region  width.  Simulated  'iso-index* 
curves  for  n  •  1.46  and  transition  region  width  of 
1.5  nm  (S  »  5),  3.5  nm  (S  ■  10)  and  5.5  nm  (S  m  15) 
are  plotted  in  Figure  3.  A  characteristic  feature  of 
the  simulated  iso-index  plots,  for  structures  with 
assumed  transition  region  width,  is  movement  of  ^  to 
the  left  of  the  origin  for  very  thin  films.  We  now 
take  the  simulated  values  of  A  and  ^  and  use  them  to 
extract  the  effective  refractive  index  and  correspond¬ 
ing  film  thickness.  The  data  set  generated  with  S  -  5 
(1.5  nm  wide  interface)  and  S  ■  10  (3.5  nm  wide  inter¬ 
face)  were  used  to  compute  refractive  Index  values. 
Results  are  summarized  In  Tables  1  and  2.  Simulated 
data  for  wider  transition  region  widths  (S  ■  10)  give 
much  stronger  refractive  Index  vs  thickness  dependence 
than  narrow  (S  -  5)  transition  region  results.  Film 
thickness  values  extracted  In  this  exercise  are  some¬ 
what  lower  than  the  thickness  values  used  to  generate 
iso-index  data. 

The  optical  model  of  the  Interface  presented  in  this 
paper  qualitatively  explains  the  results  of  Figure  l 
as  follows:  the  narrowest  transition  region  is 
expected  for  deposited  S102  films,  where  transition 
region  is  expected  to  be  equal  to  the  native  oxide 
thickness  regrown  on  Si  in  the  short  time  period 
between  surface  preparation  and  film  deposition. 

Oxides  grown  at  950*C  are  expected  to  have  thinner 
transition  region  than  900*0  and  700*0  material  [4,5], 
hence  the  observed  refractive  index  vs  thickness 
dependence. 

SUMMARY  AND  CONCLUSIONS 

An  optical  model  of  the  S1-S102  interface  is 
presented.  This  model  is  consistent  with  the  physical 
model  of  high  density  transition  region  present  In  the 
oxide  at  Si  surface.  This  model  qualitatively 
explains  the  experimentally  observed  dependence  of 
refractive  index  on  oxide  thickness  for  deposited  and 
thermally  grown  Sif^*  Effective  values  of  extracted 
refractive  Index  for  thin  oxides  Is  believed  to  carry 
information  on  the  properties  of  the  interfacial 
transition  region. 

REFERENCES 

[1]  A.  Kalnitskv,  S.P.  Tay,  I.D.  Calder,  Journal  of 
Elect  rochern.  Soc. ,  135 ,  5  (1988)  127  1. 

[21  F .J •  Grunthaner,  P.J.  Grunthaner,  "Chemical  and 
Electronic  Structure  of  the  S1/SI02  Interface", 
Material  Science  Report,  Volume  l,  No.  2,3, 
December  1986. 

P)  F..P.  F.erNisse,  G.F.  Derbenwick,  IEEE  Trans. 

Nucl.  Sci.  NS-23  (1976)  1534. 

[4]  E.A.  Irene,  Z.  Tieney,  J.  Angtlello,  Journal  of 
Electrochem.  Soc.,  129 ,  (1982)  2594. 

[5]  E.A.  Irene,  J.  Appl.  Phys.,  54  (1983)  5416. 

[6]  D.E.  Aspnes,  J.B.  Theeten,  Journal  of 
Electrochem.  Soc.,  127  (1980)  1359. 

[7]  F..  Taft,  L.  Cordes,  Journal  of  Electrochem.  Roc., 
126  (1979)  131. 


Effective  value  of  refractive  index 


l 


Table  1.  Refractive  Index  extraction  from  A,  i/'data 
simulated  for  narrow  (S  ■  5)  1.5  nm 
transition  region. 


Table  2.  Refractive  Index  extraction  from  A, ^  data 
simulated  for  wide  (S  ■  10)  3.5  nm 
transition  region. 


SIMULATED  VALUES 

Extracted 

Extracted 

Tox(nm) 

A 

N 

Tox(nra) 

0.0 

4.0 

179.252 

168.830 

10.3962 

10.5096 

1.912 

2.995 

8.0 

157.797 

10.9207 

1.819 

6.350 

12.0 

147.689 

11.5767 

1.639 

10.200 

16.0 

138.687 

12.4299 

1.502 

15.000 

20.0 

130.794 

13.4318 

1.493 

19,020 

24.0 

123.912 

14.5397 

1.485 

23.060 

28.0 

117.908 

15.7190 

1.481 

27.060 

32.0 

112.645 

16.9433 

1.478 

31.100 

36.0 

108.008 

18.1931 

1.476 

35.100 

SIMULATED  VALUES 
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4.0 
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10.5407 
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3.30 

8.0 

157.169 

10.9705 

1.509 

7.50 

12.0 

147.142 

11.6419 

1.489 

11.50 

16.0 

138.224 

12.5071 

1.478 

15.60 

20.0 

130.410 

13.5178 

1.474 

19.60 

24.0 

123.596 

14.6320 

1.471 

23.60 

28.0 

117.649 

15.8157 

1.469 

27.60 

32.0 

112.437 

17.0430 

1.469 

31.60 

36.0 

107.841 

18.2949 

1.467 

35.60 

Figure  1.  Experimental  dependence  of  extracted 

refractive  Index  vs  oxide  thickness  for 
material  grown  at  different  temperatures. 


Figure  2.  Stratification  of  the  SIO2  film, .2  nm 

wide  layers  are  successively  added  to  the 
structure  until  bulk  value  of  refractive 
Index  is  attained. 
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* 

Figure  3.  Computed  'Iso-index'  curves  for  bulk  oxide 
n  ■  1.46,  and  for  oxide  with  transition 
layer  Incorporated  in  the  structure. 
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Silicon  dioxide  films  deposited  by  an  LACVD  (laser 
activated  CVD)  technique  has  been  evaluated  for  ILD 
(interlayer  dielectric)  application.  Using  silane  and  N_,0 
as  reaction  gases  and  excimer  laser  as  energy  source, 
we  have  deposited  silicon  dioxide  at  various  conditions 
in  a  research  reactor.  As  seen  in  the  FTIR  spectra  (see 
Figure  1 )  the  —  N  and  —  H  content  decreased  as  the 
N,0/SiH,  ratio  increased,  indicating  more  complete 
oxidation.  Consistent  with  the  FTIR  data,  the  corre¬ 
sponding  refractive  indices  decreased  from  1.54  to  1.46. 
The  —  H  and  —  N  content  did  not  seem  to  be  affected 
by  the  deposition  temperature  as  shown  in  Table  1. 

The  film  hygroscopicity  is  determined  mainly  by  the 
deposition  temperature.  The  stress  of  films  deposited 
at  low  temperature  (<350°C)  drifted  toward 
compressive  region  with  time  indicating  the  film  was 
absorbing  moisture.  The  film  deposited  at  400°C  has 
shown  stable  stress  over  time.  Table  2  summarizes  the 
evolution  of  film  stress  with  time.  Figure  2  is  a  stress- 
temperature  curve  of  a  sample  deposited  at  250°C.  The 
hysteresis  indicated  materials  are  evolving  from  the 
film.  The  stress-temperature  curve  of  a  400°C  sample 
shows  no  significant  difference  between  the  heating  and 
cooling  curves  (see  Figure  3). 

Film  step  coverage  is  better  than  conventional  LTO  and 
is  equivalent  to  PECVD  oxynitride.  The  film  integrity 
is  largely  dependent  upon  the  deposition  temperature. 
The  oxide  deposited  at  250°C  (sec  Figure  4)  showed 
preferential  etch  at  the  corners  after  dipped  into  dilute 
HF.  No  such  defects  were  seen  for  40CFC  film  (see 
Figure  5). 

Under  all  conditions,  the  film  thickness  uniformity  is 
within  ±4%  range  within  a  run.  By  choosing  the 
optimum  chemistry  and  temperature,  we  can  obtain 
good  oxide  for  ILD  application  using  the  LACVD 
technique. 


Table  1.  Comparison  of  -N  and  H  Content 
in  Various  Films 


SiH 

(10E21  B/CC) 

N-H 

(10E21  B/CC) 

LECVD  (Low  N20/SIH4) 

400°C 

4.6  ±  3% 

1 .8  ±  7% 

250°C 

5.0 

3.0 

LECVD  (High  N20/SIH4) 

400°C 

1.64 

0 

300°C 

1.36 

0 

125°C 

1.70 

0 

Table  2.  Evolution  of  Film  Stresses  with  Time 


Stress  (MPa) 

Date 

Low  NjO/SIH4 

High  N20  SIH4 

250X 

400°C 

125°C 

300X 

400°C 

As  Deposit 

N/A 

N/A 

-28 

15 

-39 

After  Heating 

N/A 

N/A 

140 

140 

-20 

One  Month 

-54 

20 

21 

34 

-47 

Two  Months 

-75 

15 

N/A 

N/A 

N/A 

After  Heating 

+  80 

30 

N/A 

N/A 

N/A 

Three  Months 

-40 

13 

N/A 

N/A 

N/A 
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Abstract 

Sodium  ion  penetration  through  thin  films  of  APCVD 
and  PECVD  phosphosilicate  glasses  has  been  evaluted  by 
22NaCl  radiotracer  measurements  of  thermal  Na+ 
penetration  at  400°C.  Surprisingly,  it  was  found  that  the 
ability  of  Na+  to  penetrate  PECVD  and  APCVD  PSG  films 
increased  with  increasing  weight  percent  P205. 


Introduction 

Phosphosilicate  glass  (PSG)  thin  films  deposited  by 
chemical  vapor  deposition  (CVD)  are  used  as  contact, 
intermetal  dielectric  and  passivation  overcoat  layers  in 
integrated  circuits.  One  critical  property  of  PSG  layers  is 
their  ability  to  retard  migration  (getter)  of  alkali  ions  (1). 
Field-assisted  migration  of  Na+  in  thermally  grown  Si02 
doped  with  phosphorus  by  evaporation  of  P205  in  an 
ambient  of  N2-POCI3-O2  has  been  evaluated  by  C-V  and  Q-t 
measurements  (2).  Thermally  induced  Na*  migration  in 
APCVD  PSG  films  has  been  evaluated  by  Na-22  radiotracer 
measurement  (3).  In  this  paper  we  report  the  effects  of 
phosphorus  content  and  film  densification  on  thermal 
penetration  of  Na+  through  PSG  films  deposited  by 
atmospheric  pressure  CVD  (APCVD)  and  plasma  enhanced 
CVD  (PECVD). 


Experimental 

The  APCVD  films  were  deposited  from  silane  (SiH4), 
oxygen  (02)  and  phosphine  (PH3)  in  a  Tempress  reactor  at 
400  °C.  PECVD  films  were  deposited  from  S1H4,  PH3  and 
nitrous  oxide  (N20)  at  300  °C  and  380  kHz  in  an  ElectroTech 
model  ND  6200  batch  reactor  and  in  a  Novellas  single 
wafer  reactor  at  400  °C  and  13.56  MHz.  The  PSG  films  were 
densified  under  flowing  nitrogen  for  30  minutes  at  1000°C. 
Total  phosphorus  was  measured  by  x-ray  fluorescence 
(XRF)  and  energy  dispersive  x-ray  (EDX)  spectrometry. 
Weight  percent  P205  was  measured  by  ion  chromatography 
(IC)  of  etching  fractions. 


Thermal  penetration  by  Na+  through  the  films  was 
determined  by  depositing  a  carrier  free  solution  of  Na-22 
chloride  on  the  film  surfaces  and  annealing  at  400°C  for  24 
hrs.  Na-22  decays  by  positron  emission,  and  is  detected  by 
measuring  the  intenstiy  of  the  0.511  MeV  Na-22 
annihilation  photopeak.  Na+  penetration  depth  profiles 
were  evaluated  by  progressively  etching  the  film  surface 
in  a  buffered  oxide  etch  (BOE)  solution  and  counting  the 
radioactivity  remaining  in  the  unelched  layer.  Film 
thickness  measurements  were  made  with  a  Tencor 
Alpha-Step  depth  profilometer.  A  sodium  iodide 
scintillation  detector  and  multichannel  analyzer  were  used 
for  detection  of  the  annihilation  photopeak.  Sensitivity 
was  4  x  10*  atoms  per  count  per  second. 


Effects  of  Densification 

Figure  I  shows  the  effect  of  the  densification  step  on 
the  PSG  films.  The  PECVD  PSG  films  deposited  at  300°C 
showed  a  significant  (approximately  20%)  decrease  in 
thickness  on  annealing.  Figure  2  shows  the  effect  of 
densification  on  the  phosphorus  in  the  films.  Increases  in 
the  amount  of  P205  on  annealing  can  be  understood  as 
further  oxidation  from  the  trivalent  (P2O3)  10  pentavalent 
(P205)  oxidation  states.  The  differences  between  total 
phosphorus  and  oxidized  (P203  and  P2°5>  phosphorus  in 
the  films  must  be  accounted  for  as  some  other  form  of 
phosphorus  such  as  trapped  PH3  gas. 


Sodium  Depth  Profiles 

Sodium -22  concentration  distribution  profiles  in  the 
as-deposited  APCVD  PSG  films  arc  shown  in  Figure  3.  On 
densification.  the  Na+  distribution  profile  of  the  PSG  film 
changed,  with  an  enhancement  of  the  ability  of  the  upper 
layers  of  the  film  to  trap  Na+  ions  and  a  uniform 
concentration  distribution  in  the  underlying  bulk.  The 
same  effect  was  observed  in  the  films  deposited  in  the  ET 
system  (Figure  4).  Densified  and  as-deposited  films  from 
the  Novellus  reactor  had  essentially  equivalent  Na+ 
distribution  profiles  before  and  after  annealing  (figure  5). 

Conclusions 

The  ability  of  Na+  to  penetrate  PECVD  and  APCVD  PSG 
films  increased  with  increasing  weight  percent  P205. 

There  was  no  such  correlation  between  Na+  penetration 
and  total  phosphorus  content. 
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INTRODUCTION 

Extensive  studies  have  been  done  over  the  years  o  n 
insulating  films  such  as  thermally  grown  silicon  dioxide, 
deposited  amorphous  silicon  dioxide  (Si02)  and  silicon 
nitride  (S13N4)  for  applications  in  MIS  and  MNOS 
structures.  From  these  studies  it  is  well  known  that 
thermally  grown  Si02  shows  the  best  stability  among  these 
insulators  but  obviously  requires  high  temperature 
processing.  It  is  also  generally  accepted  that  deposited 
SisN4  has  higher  carrier  trapping  than  S1O2  layer. 
However,  deposited  S1O2  films  generally  do  not  exhibit  the 
excellent  diffusion  barrier  provided  by  deposited  S»3N4.  In 
this  report  our  studies  are  focused  assessing  the  ability  of 
plasma  enhanced  chemical  vapor  deposition  (PECVD)  SiC>2 
layers  to  serve  as  mobile  ion  barriers.  Specifically,  we 
report  here  on  the  transient  behavior  of  mobile  ions  in 
MOS  structures  which  have  been  fabricated  using  PECVD 
silicon  dioxide  films.  These  MOS  structures  were 
fabricated  using  a  variety  of  annealing  conditions  and 
gate  materials.  The  annealing  procedures  included 
furnace  annealing  and  rapid  thermal  annealing.  The 
goal  of  this  study  is  to  examine  the  mobile  ion  drift 
mechanism  intrinsically  present  in  these  films  and  to 
explore  approaches  for  improving  film  stability. 

EXPERIMENTAL 

Silicon  dioxide  films  were  deposited  by  the  PECVD 
technique  at  a  substrate  temperature  of  275°C  on  n-type  1 
cm  single  crystal  silicon  substrates.  The  approximately 
130  nm  thick  amorphous  films  used  in  this  study  were 
deposited  in  an  RF  glow  discharge  from  2%  helium-diluted 
silane,  helium,  and  nitrous  oxide  (N2O)  gas  mixture.  Total 
pressure,  RF  power  density,  and  flow  rate  of  2%  helium- 
diluted  silane,  helium,  and  nitrous  oxide  were, 
respectively,  1  Torr,  35  mW/cm^  40  seem,  2000  seem,  and 
100  seem.  The  silicon  to  oxygen  atomic  ratio  and  hydrogen 
content  in  this  film  was  around  0.5  and  below  2  atom 
percent,  respectively.  The  growth  rate  was  4.5  nm/sec  and 
room  temperature  etching  rate  in  buffered  oxide  etch 
solution  was  around  2  nm/min  _  To  form  the  metal  oxide 
semiconductor  (MOS)  structures  used  in  this  study  A1  and  Ti 
metal  gates  were  evaporated  on  the  silicon  dioxide  films 
before  or,  in  some  cases,  after  annealing  to  study  the 
effects  of  metal  gate  /  Si02  interaction.  The  post- 
metallization  rapid  thermal  annealing  (400°C  for  2min  in 
Ar  ambient)  used  for  some  samples  was  performed  by  a  AG 
210  Heatpulse  System;  furance  annealing(400°C  for  30niin 
in  forming  gas  ambient)  was  employed  for  other  samples. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

To  characterize  metal  gate  /  Si02  structures, 
interface  state  densities,  fixed  charge,  and  mobile  ion  drift 
were  measured  on  as-deposited  samples,  pre-metallization 


RTA  and  furnace  annealed  samples,  post-metallization  RTA 
and  furnace  annealed  samples  as  well  as  on  samples  with 
different  gate  metals.  The  time  dependence  of  flat  band 
voltage  shift  (AVpg)  was  measured  using  the  bias 
temperature  stress  (BTS)  technique^2).  It  was  found  that  at 
elevated  temperatures  (80°C-  120°C)  the  mobile  ions 

tended  to  relax  during  the  measurement  of  flat  band 
voltage,  particularly  during  the  period  when  negative 
voltage  is  applied  to  the  gate.  Therefore,  samples  were 
cooled  down  below  30°C  before  the  C-V  measurements 
were  taken  in  order  to  "freeze-in"  the  mobile  ions  present 
in  the  films. 

In  general,  fixed  charge  and  interface  state  densities 
decreased  after  either  of  the  annealing  processes  used  in 
this  study  as  may  be  seen  in  Table  1.  For  example,  after 
400°C  30min  furnace  annealing,  the  fixed  charge  and 
interface  state  density  (mid-gap  values)  dropped  from 
10  12  cm’2  and  lO1^  cm’2  eV'*  to  1011  cm'2  and  101  ® 
cm'2  eV’l,  respectively.  However,  the  effects  of  annealing 
on  mobile  ions  in  these  films  was  observed  to  be  more 
complicated  than  in  thermally  grown  Si02  films. 

The  mobile  ion  drift  mechnism  in  PECVD  silicon 
dioxide  was  found  to  be  different  from  that  in  thermally 
grown  silicon  dioxide.  In  thermally  grown  silicon  dioxide 
it  is  well  established  that  the  flat  band  voltage  shift  i  s 
principally  due  to  Na+  drift.  Further,  in  thermally  grown 
S1O2  this  mobile  ion  drift  is  limited  by  trapping  at 
boundaries  and  the  flat  band  voltage  shift  is  found  to 
follow  one  of  the  following  rulesU); 


AVfb  a  1-  exp(-t/x  ) 

0) 

or 

AVfb  a  Vt 

(2) 

where,  (1)  is  valid  for  the  trapping  centers  having  a  single 
energy  level  and  (2)  is  valid  for  the  trapping  centers 
having  a  spread  energy  distribution.  However  we  found 
that  the  AVp#  vs.  time  curve  for  PECVD  silicon  dioxide 
did  not  fit  either  of  these  models  implying  that  the 

controling  mechanism  in  mobile  ion  drift  in  PECVD 
silicon  dioxide  is  not  the  same  as  that  in  thermally  grown 
silicon  dioxide.  To  simplify  the  assessment  of  this  complex 
ion  drift  process  in  PECVD  Si02  we  define  both  the  initial 
and  recovery  time  constant  as  the  time  required  for  the 
normalized  AV  fb  t0  reach  0.5.  The  data  for  these  measured 
time  constants  for  the  various  classes  of  samples  used  in 
this  study  are  listed  in  Table  2.  The  corresponding  data  for 
a  thermally  grown  silicon  dioxide  ,  obtained  from  the 
literature^ 1  \  are  also  shown  for  comparison.  Based  on  our 
results,  the  initial  drift  (from  metal  to  silicon)  time 
constant  of  the  as-deposited  Si02  is  shorter  than  that  for 
one  would  extrapolate  at  80°C  for  thermally  grown  silicon 
dioxide  as  seen  in  Table  2.  Pre-metallization  400°C  30min 
furnace  annealing  increased  this  initial  drift  time 
constant  by  a  factor  of  three.  However,  post-metallization 
400°C  30min  furnace  annealing  or  RTA  decreased  this  time 
constant  by  one  or  two  orders  of  magnitude  as  also  noted  in 
Table  2.  At  the  same  time,  all  annealing  processes  used  in 
this  study  increased  the  mobile  ion  density  roughly  by  a 
factor  of  three.  Hence  our  results  show  that  the  drift 
mechanism  in  PECVD  Si(>2  is  quite  different  than  that  in 
thermally  grown  SiC>2.  Our  resultes  also  show  that  this 
drift  is  sensitive  to  gate  deposition  and  annealing  history. 
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TABLE  1 

FIXED  CHARGE  AND  INTERFACE  STATE  DENSITY  OF  PECVD  Si02  FILMS 


SAMPLE 

MID-GAP  INTERFACE 
STATE  DENSITY 
(cm ' 2  eV  '  *) 

FIXED  CHARGE 
(cm'  ) 

AS-DEPOSITED 

13 

12 

2x10 

3x10 

FURNACE  ANNEALING 

1  0 

1  1 

400°C  30min 

1  0 

6x10 

RTA 

1 1 

1 1 

400°C  2mir\ 

7x10 

5x10 

TABLE  2 

SUMMARY  OF  ION  DRIFT  PROPERTIES  OF  VARIOUS  Siq  FILMS 


SAMPLE 

BTS 

Bias/Temp. 

(V)/{»C) 

INITIAL  DRIFT 
TIME  CONST, 
(sec)  * 

RECOVERY 
TIME  CONST 
(sec)  * 

MAX 

DRIFT 

(V) 

MOBILE 

ION 

DENSITY 

cm2 

THERMALLY 

GROWN  Si02 
(thickness  lOOOA) 

+20/200 

4 

10 

0.1 

1 

■ 

AS-DEPOSITED 

(thickness  1 300  A) 

+  10/80 

3xl04 

2x  1 02 

1  0 

3xld2 

POST-METALLIZATION 
FURNACE  ANNEALING 
400°C  30min 
(thickness  1300A) 

+  10/80 

2xl03 

1  o2 

30 

1  O15 

PRE-METALLIZATION 
FURNACE  ANNEALING 
400°C  30min 
(thickness  1 300  A ) 

+  10/80 

1  O5 

1  02 

n 

I  013 

POST-METALLIZATION 
RAPID  THERMAL 
ANNEALING 

400°C  2min 
(thickness  1300A) 

+  10/80 

1  02 

40 

34 

lrf3 

*  Defined  as  the  lime  required  for  normalized  flat  band  voltage  to  reach  0.5 
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Neural  networks,  modeled  to  a  degree  after  biological  brains, 
offer  an  alternative  approach  to  artificial  intelligence  computa¬ 
tions.  In  contrast  to  deductive,  rule-based  AI  methods,  neural 
network  paradigms  are  based  on  inductive  response  to  train¬ 
ing  data  (experience).  In  contrast  to  conventional  computers 
with  their  small  number  of  complex,  powerful  central  processing 
units,  neural  network  implementations  use  very  large  numbers 
of  very  simple  processing  elements.  The  required  processing  op¬ 
erations  are  often  so  simple  that  symbolic  computation  using 
arithmetic  and  logic  units  (ALUs)  can  be  replaced  by  physical 
methods  of  computation,  allowing  very  high  computation  rates 
to  be  achieved  with  very  small  structures. 

By  analogy  with  biological  nervous  systems,  artificial  neu¬ 
ral  networks  contain  synapses  and  neurons.  The  synapses  are 
simple  memory/ processing  elements  that  connect  two  neurons. 
They  ^tore  a  single  value  called  a  weight,  receive  an  input  sig¬ 
nal  from  one  neuron,  and  deliver  an  output  signal  to  another 
neuron.  The  operation  performed  by  the  synapse  on  the  input 
signal  is  usually  a  simple  one,  such  as  multiplication  or  subtrac¬ 
tion.  Each  neuron  typically  receives  signals  from  many  synapses, 
combines  those  signals  (generally  by  simple  addition),  and  then 
performs  a  nonlinear  operation  on  the  result.  The  output  from 
the  neuron  is  typically  sent  to  many  synapses. 

As  ai.  example  of  how  physical  computation  can  speed  opera¬ 
tion  and  simplify  hardware,  consider  the  neuron’s  task  of  adding 
the  signals  from  hundreds  of  synapses.  To  compute  the  result 
numerically  (symbolically)  in  a  single  step,  a  very  complex  ALU 
with  hundreds  of  multibit  inputs  and  hundreds  of  thousands  of 
gates  would  be  required.  Simpler  hardware  in  a  pipeline  archi¬ 
tecture  can  be  used  but  at  a  significant  sacrifice  in  computing 
speed.  Alternatively,  physical  computation  can  be  used.  By 
representing  the  signals  from  the  synapses  in  the  form  of  charge 
packets  and  transferring  those  packets  onto  a  simple  wire  serv¬ 
ing  as  a  capacitor,  the  physical  law  of  conservation  of  charge 
carries  out  the  summation  virtually  instantaneously. 

In  conventional  computers  performing  conventional  tasks, 
physical  computation  cannot  be  used  because  accuracy  is  lim¬ 


ited.  The  tasks  performed  by  neural  network  computers,  how¬ 
ever,  are  quite  different.  Although  some  neural  networks,  es¬ 
pecially  those  used  to  preprocess  optical  or  acoustic  sensory 
data,  have  fixed  weights,  most  neural  networks  embody  learning 
rules  that  provide  for  modification  (adaptation)  of  the  synaptic- 
weights  in  response  to  training  (experience).  This  adaptation, 
or  experience-  controlled  feedback,  is  expected  to  make  it  possi¬ 
ble  for  neural  networks  to  provide  accurate  system  performance 
despite  limited  accuracy  components. 

.Because  of  this  expected  ability  to  tolerate  lower  accuracy 
devices,  neural  networks  offer  a  new  opportunity  for  technolo¬ 
gies  that  could  not  meet  the  requirements  of  digital  computation 
and  signal  processing.  One  of  these  technologies  is  analog  non¬ 
volatile  memory  based  on  floating  gate  or  metal-nit  ride-oxide- 
scmiconductor  (MNOS)  devices.  We  will  illus.rate  the  applica¬ 
tion  of  analog  MNOS  technology  to  neural  networks  by  describ¬ 
ing  an  exploratory  network  we  designed,  fabricated,  and  tested. 
This  network  was  the  first  to  include  on  the  chip  mechanisms 
for  adapting  the  weights  stored  in  the  synapses 

In  digital  applications  of  floating-gale  and  MNOS  devices, 
there  is  no  need  to  control  the  exact  amount  of  charge  on  the 
floating  gate  or  in  the  nitride  traps.  Satisfar  ory  (probably  opti¬ 
mum)  operation  can  be  achieved  with  saturated  levels  of  positive 
ana  negative  charge  representing  the  two  binary  states. 

The  distinguishing  feature  of  our  technology  is  the  use  f 
charge- control  led  mechanisms,  Charge-coupled  device  iCCDi 
techniques  are  used  in  the  neural  network  synapses  to  meter 
out  charge  packets  of  specific  size.  During  a  learning  operation, 
these  charge  packets  are  formed  in  such  a  way  that  they  rep¬ 
resent  the  amount  by  which  the  weight  stored  in  the  synapse 
should  be  modified.  The  charge  packets  are  transferred  to  the 
channel  of  the  MNOS  device,  and  application  of  a  large  bias  volt¬ 
age  to  the  control  gate  of  the  MNOS  device  causes  the  charge 
in  the  packets  to  tunnel  into  the  nitride  traps. 

During  readout  operations  of  the  network,  the  MNOS  device 
in  the  synapse  is  used  as  pa.t  of  another  CCD  charge  metering 
circuit.  In  this  case,  the  MNOS  gates  are  maintained  at  a  low 
bias  voltage  so  that  no  writing  occurs.  The  charge  packets  are 
formed  with  sizes  that  depend  in  the  desired  way  on  the  input 
signal  to  the  synapse  and  on  l tie  synaptic  weight  represented 
by  the  trapped  charge  in  the  nitride  layer  of  the  MNOS  device. 
These  charge  packets  are  then  transferred  to  the  neuron,  where 
they  are  summed. 

In  the  talk  we  will  describe  the  structure  and  operation  of 
the  MNOS/CCI)  neural  network  in  greater  dtiail.  Wo  will  also 
discuss  some  alternative  ways  under  development  in  other  lain' 
ratories  to  use  floating-gate  and  MNOS  analog  nonvolatile  mem 
ory  devices  lo  implement  neural  network  circuits. 
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Artificial  neural  networks  are  currently  of  great 
interest  for  applications  in  a  wide  variety  of 
fields.  Computer  simulations  of  these  parallel 
distributed  processing  systems  have  shown  potential 
applications  for  associative  memories, 
motor-control,  visual  and  speech  recognition,  and  a 
variety  of  other  problems  for  which  conventional 
computing  systems  are  not  well  suited  [1].  The 
results  of  these  simulations  are  stimulating  a  great 
deal  of  effort  in  implementing  neural -type  networks 
in  VLSI  circuitry. 

A  typical  processing  element  in  a  neural  network 
operates  on  a  weighted  sum  of  inputs  from  other 
elements  or  external  sources.  Therefore,  the 
weighting  matrix  which  represents  the  relative 
interconnection  strengths  is  a  crucial  component  of 
the  neural  network.  Most  useful  applications  require 
on  the  order  of  several  thousand  to  several  million 
weights.  In  many  networks  these  weights  can  be 
either  excitatory  (positive)  or  inhibitory 
(negative).  In  a  learning  network  the  weights  must 
also  be  modifiable.  Therefore,  an  analog  circuit 
element  which  performs  the  weighting  function  should 
have  a  long  storage  lifetime,  be  continuously 
adjustable,  compact  in  size,  and  be  able  to 
represent  a  positive  or  negative  weight.  Also,  since 
many  learning  rules  compute  a  change  in  weighting 
values,  one  would  like  to  be  able  to  update  the 
weights  incrementally  in  either  the  positive  or 
negative  direction. 

The  Naval  Ocean  Systems  Center,  under  the  aegis  of 
the  Office  of  Naval  Technology,  is  working  on  the 
implementation  of  neural  network"  in  analog 
integrated  circuitry  using  CMOS  technology.  We  have 
designed  and  fabricated  a  four-transistor  MOS  analog 
memory  (MAM)  cell  based  on  standard  silicon 
processing  technology,  which  we  believe  is  an 
excellent  candidate  for  a  neural  circuit  memory 
el ement . 

We  employ  the  mechanism  of  avalanche  or  hot-carrier 
injection  to  move  charge  onto  a  floating-gate 
structure.  This  mechanism  was  first  used  in  the 
mid-1970's  for  digital  memory  applications  in  the 
FAMOS  (floating  gate  avalanche  injection  MOS) 
device,  which  consisted  of  a  p-channel  MOSFEI  with 
an  solated  gate  [2].  At  an  appropriate  biasing 
vo.’-ge,  hot  electrons  are  generated  in  avalanche 
breakdown,  which  have  sufficient  energy  to  conduct 
across  the  gate  oxide  and  charge  the  gate.  Jn  an 
n-channel  device,  a  complementary  process  takes 
p'ace,  with  holes  rather  than  electrons  injected 
onto  the  floating  gate.  The  potential  due  to  the 
charge  influences  the  state  of  the  transistor  under 
the  gate  just  as  would  an  extern'lly  applied 
voltage 


ihe  memory  cell  [3]  which  we  have  fabricated 
consists  of  two  complementary  pairs  of  transistors 
sharing  a  common  floating  gate.  This  configuration 
allows  us  to  store  an  analog  weight  value,  which  may 
be  increased  with  holes  injected  by  an  n-channel 
writing  device,  and  decreased  with  electrons  from  a 
p-channel  device  (charges  are  mobile  and  free  to 
recombine  because  the  gate  is  a  conductor).  It  is 
possible  to  increment  or  decrement  the  value  by  very 
small  amounts  by  pulsing  the  writing  voltages.  The 
floating  gate  is  surrounded  by  insulating  silicon 
dioxide.  This  provides  a  very  large  energy  barrier 
preventing  charge  leakage.  From  data  reported  in 
previous  studies,  we  predict  that  values  may  be 
stored  on  the  order  of  years  at  room  temperature 
[41. 

Although  in  digital  memories  the  same  transistor 
which  injects  charge  also  senses  its  presence  on  the 
gate.  In  our  circuits  the  gate  is  common  to  a  second 
complementary  pair  of  transistors,  which  perform  the 
weighting  function.  These  are  depletion-mode  devices 
(i.e.,  conducting  at  zero  gate-to-source  bias).  The 
circuit  in  which  they  are  used  performs  an 
approximate,  four-quadrant  multipl ication,  supplying 
an  output  current  into  virtual  ground  (as  at  the 
input  node  of  a  summing  amplifier)  which  is  roughly 
proportional  to  the  product  of  the  gate  potential 
relative  to  ground,  and  an  input  signal  [5]. 

We  present  and  discuss  experimental  results  obtained 
from  test  multiplier  and  MAM  circuits  fabricated  at 
NOSC.  We  also  describe  alternative  configurations 
intended  to  improve  device  performance. 

(1)  A  Review  of  Artificial  Neural  Systems  I  &  II, 
CRC  Critical  Reviews  in  Artificial  Intelligence.  P. 
K.  Simpson,  to  be  published. 

C 2 J  FAMOS  A  New  Semiconductor  Charge  Storage 
Device,  D.  Frohman-Bentchkowsky,  Solid-State 
Electron. ,  vol .  17,  p.  5J7,  1974. 

[3]  Patent  Pending.  Navy  case  No.  71105 

[4]  DIFMOS  -  A  Floating-Gate  Electrically  Erasable 
Nonvolatile  Semiconductor  Memory  Technology.  W.  M. 
Gosney,  IEEE  Trans.  Electron  Devices,  vol.  ED-24, 
no.  5,  p.  594,  1977. 

[5]  Patent  Pending.  Navy  case  No.  70748 
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INTRODUCTION 


Recently,  there  has  been  a  resurgence  in  the  development  of  neu¬ 
ral  network  circuitry,  both  from  a  VLSI  development  capability 
and  jn  nevv  concepts  [1!.  Neural  networks  often  utilize  threshold 
logic  gates  with  many  inputs,  and  each  gate  output  is  connected 
to  the  inputs  of  all  the  other  gates  The  processing  that  is  per¬ 
formed  by  this  circuitry  is  done  by  changing  the  output  funcrion 
of  each  gate  This  can  be  done  by  weighting  the  strength  of  each 
input  and  and  allowing  the  value  of  the  weight  to  be  modified 
based  on  the  values  of  the  gate  outputs.  This  can  be  considered 
a  learning  or  adaptation  process  [2],  The  weighting  functions  can 
be  implemented  in  digital  circuit  form  but  the  resultant  number 
of  components  required  for  fine  weight  resolution  becomes  un¬ 
reasonable  for  development  of  practical  adaptive  systems  What 
IS  necessary  for  the  weighted  input  connection  is  to  have  a  con¬ 
ductance  which  can  be  varied  continuously  over  a  wide  range  and 
takes  up  little  space  An  attractive  method  is  to  develop  a  variable 
threshold  voltage  transistor 

The  write/erase  models  used  for  nonvolatile  memory  development 
need  to  be  evaluated  for  their  use  in  neural  networks  In  order 
to  program  a  particular  synapse,  circuitry  must  be  developed  to 
alter  the  threshold  voltages  The  traditional  write/erase  cycling 
models  do  not  apply  for  this  type  of  device  operation,  since  the 
device  thresholds  are  changed  in  an  incremental  manner  Also, 
the  speed  of  the  charge  storage  can  now  be  much  faster  than  for 
full  digital  programming  A  second  serious  consideration  is  that 
the  retention  ability  of  the  MNOS  device  The  voltage  decay  must 
be  carefully  analyzed  since  the  devices  are  written  for  incremental 
changes  Therefore,  the  retention  of  the  device  is  now  much  more 
critical  than  the  endurance  capability 

SIMULATION  AND  TESTING 

Previous  models  of  MNOS  device  operation  [3.4|  are  being  an¬ 
alyzed  for  their  use  in  neural  networks  Experiments  aie  being 
done  on  MNOS  devices  to  program  them  in  an  incremental  mode 
and  investigate  over  what  range  of  threshold  voltages  the  devices 
operate  best  for  neural  circuits  Both  MNOS  devices  and  float 
ing  gate  devices  are  considered  The  best  point  of  operation  ,s 
given  by  minimizing  the  effects  of  drift  The  retention  problem 
is  being  evaluated  by  using  two  MNOS  devices  in  parallel  and 
taking  the  difference  of  their  threshold  voltages  Various  pulse 
amplitude  pulse  width  combinations  are  used  to  determine  Low 
the  devices  should  be  written  as  the  threshold  voltage  varies  over 
a  significant  range  since  the  shift  will  not  he  linear 


After  many  changes  of  the  threshold  oltage,  the  programming 
pulse  to  achieve  the  same  increment  c  •  reshold  shift  has  changed 
Since  the  system  is  adaptive,  it  may  take  longer  to  learn  after  the 
device  has  been  stressed. 


DISCUSSION 

Some  method  of  write  inhibition  must  be  developed  when  a  pro¬ 
gramming  voltage  is  applied  to  a  row  of  synapses  Circuitry 
is  needed  which  will  allow  the  MNOS  device  to  be  either  pro¬ 
grammed  or  simply  accessed  for  a  computation  In  an  array  of 
connection  weights,  layout  of  the  row  and  column  selects  will  af¬ 
fect  the  write  inhibition  requirements 

The  memory  gate  can  be  designed  so  that  a  voltage  is  not  applied 
to  it  except  during  the  programming  mode  The  conductance  of 
the  device  is  then  varied  by  the  programming  voltage  only 
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INTRODUCTION 

Thin  silicon  nitride  films  have  been  embodied  in  various 
semiconductor  devices  such  as  dynamic  random-access- 
memories  and  nonvolatile  memories.  Among  properties 
of  the  silicon  nitride  layer,  charge  conduction  and 
trapping  are  two  of  the  most  important  issues  in 
understanding  the  operation  and  degradation  of  these 
devices.  Recently  it  has  been  shown  that  under  high  field 
conditions,  a  two-carrier  conduction  and  trapped  charge 
distribution  develops  in  the  nitride  film  (1J.  Such 
distribution  gives  rise  to  a  peak  electric  field  in  the  bulk 
dielectric  which  is  speculated  to  cause  conductivity 
changes  and  the  onset  of  short  circuit  breakdown  and 
damage  in  the  device  structures  [2].  The  exact  correlation 
between  charge  trapping  and  dielectric  degradation  and 
breakdown  processes  is  not  completely  known  at  the 
present  time.  However,  some  of  the  most  important 
physical  mechanisms  of  these  processes  can  be  revealed 
with  the  aid  of  a  general  high  field  transport  model.  We 
report  here  a  computer-based  multiple-trap  model  of 
charge  trapping  kinetics  in  silicon  nitride  films  subjected 
to  high  field  stressing.  This  model  takes  into  account  the 
combined  effect  of  charge  injection,  trapping,  emission 
and  recombination  of  holes  and  electrons  in  the  dielectric. 
It  is  used  in  conjunction  with  various  experimental 
techniques  and  novel  device  structures  to  yield  a  detailed 
description  of  electric  field  and  current  distributions  in  the 
dielectric,  as  well  as  trapped  hole  and  electron  spatial 
distributions  at  different  trap  levels  in  the  forbidden  band 
gap.  These  computer  simulations  are  useful  for  analyzing 
charge  transport  measurement  and  material 
measurement  results  for  various  experiments  using 
MNOS  devices. 


THEORETICAL  AND  EXPERIMENTAL 

In  formulating  the  charge  transport  model,  it  is  assumed 
that  the  trapping  sites  in  the  amorphous  nitride  layer  give 
rise  to  a  distribution  of  trapping  levels  in  the  forbidden 
band  gap.  The  trapping  levels  above  the  midgap  are 
considered  as  acceptor-type  traps  and  those  below  it  are 
considered  as  donor-type  traps.  The  transport  is  assumed 
to  be  described  adequately  by  the  continuity  equation  for 
both  holes  and  electrons,  Poisson’s  equation  which  serves 
to  couple  the  transport  of  holes  and  electrons  and  which 
causes  the  problem  to  be  nonlinear,  and  the  Shockley- 
Read  equation  for  possible  trapping,  detrapping  and 
recombination  of  holes  and  electrons  for  each  trapping 
level  It  is  believed  that  direct  recombination  between 
holes  and  electrons  are  unlikely.  In  the  formulation, 
three  considerations  will  bo  used  for  the  steady  state  and 
transient  situations  First,  the  electric  field  is  large  enough 
so  that  the  free-carrier  velocity  is  saturated  Second,  the 


trapped  space  charge  dominates  the  free-carrier  space 
charge  which  is  low  at  high  fields.  Third,  the  trapped 
charge  density  dominates  the  diffusion  of  the  free-carrier 
space  charge  density  which  is  negligible  at  high  fields.  The 
set  of  partial  differential  equations  used  in  the  model  are 
given  below: 


dj  \dJ,  v-  <r,(,V.[*U0  -  Wj  4. Vie  1  Pli\-T 
a =  ii  i  .  *7  « 
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In  steady  state,  the  variables  do  not  vary  with  time  and  the 
above  equations  can  be  simplified.  The  boundary  values 
can  either  be  calculated  or  determined  from  experiments. 
For  example,  the  values  of  the  contact  hole  current  Jp(0) 
and  the  contact  electron  current  Jn(0)  at  the  oxide-nitride 
interface  can  be  inferred  from  charge  seperation 
measurement  on  a  MNOS  transistor  structure  and  the 
results  are  shown  in  Figure  1.  The  contact  field  E(0)  at  the 
oxide-nitride  inteiface  can  be  inferred  from  threshold 
voltage  measurement  and  charge  pumping  measurement 
on  the  transistor.  With  the  boundary  values  known,  the 
general  approach  taken  to  solve  the  problem  is  to  apply 
the  finite  difference  method  to  the  spatial  variables.  In 
order  to  obtain  an  accurate  solution  ,  a  fine  spatial  mesh 
in  the  vicinity  of  the  oxide-nitride  interface  and  the  gate 
electrode  is  required.  This  is  because  the  boundary 
conditions  may  lead  to  steep  gradients  in  the  hole  and 
electron  density  near  the  injection  boundaries  and  cause 
the  problem  stiff. 


SIMULATION  RESULTS 

Computer  simulation  results  of  a  four-trap  silicon  nitride 
system  are  shown  in  Figure  2  Plotted  are  the  overall 
charge  density,  the  trapped  carrier  densities  and  the 
electric  field  in  the  dielectric.  The  interesting  result  is  that 
a  shallower  hole  trap  can  be  more  populated  than  a  deeper 
hole  trap  even  when  the  dielectric  is  subjected  to  high 
field  stressing.  This  can  occur  if  recombination  is  a 
significant  mechanism  in  which  case  a  trap  level  closer  to 
the  midgap  will  be  more  efficient  and  hence  less  occupied 
This  result  has  been  well  established  in  studies  of  charge 
trapping  in  semiconductors,  but  has  been  ignored  in 
models  of  two -carrier  charge  transport  in  silicon  nitride  , 
leading  to  the  possibly  inaccurate  approximation  that  a 
shallower  trap  level  is  always  less  occupied  than  a  deeper 
trap  level  Note  also  that  the  trapped  charge  distribution 
causes  a  peak  electric  field  to  develop  in  the  bulk  of  the 
nitride  layer  This  peak  field  can  gradually  wear  out  the 
insulator  and  enhance  its  conductivity,  and  eventually 
causes  dielectric  breakdown 
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Figure  1:  Contact  Electron  Current  and  Contact  Hole 
Current  Components  at  the  Oxide/Nitride  Interface  Under 
High  Fields. 
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Figure  2:  Computer  Simulation  of  a  Four-Trap  Silicon 
Nitride  System  Subjected  to  High  Field  Stressing. 
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I.  Introduction 

Large  flat  panel  displays  for  portable  computers  and 
other  applications  require  active  matrix  addressing  in  order 
to  obtain  adequate  contrast.  Process  design  for  fabrication 
of  tbin  film  switching  transistors  in  flat  panel  displays 
involves  a  number  of  difficult  compromises.  Low 
temperature  thin  film  transistors  processes  are  preferred  so 
that  low  cost  glass  substrates  can  be  used  with  minimal 
warpage  during  processing.  We  have  reported  that 
polycrystalline  silicon  thin  film  transistors  (TFTs)  have  been 
fabricated  with  the  use  of  semi-insulating  polysilicon 
(S1POS)  deposited  at  600°C  as  gate  insulator(l).  As  a  result 
of  prolonged  exposure  to  wet  oxygen  at  600°C,  this  material 
is  converted  into  silicon  dioxide  with  low  leakage  current  and 
drift.  By  combining  the  SIPOS  gate  insulator  with  a 
technique  for  producing  large  grain  crystallized  silicon  films 
previously  reported  (2],  we  have  fabricated  TFTs  with 
excellent  characteristics,  even  though  no  process  temperature 
exceeds  600°C.  In  our  approach,  a  completely  oxidized  gate 
insulator  of  about  130nm  thickness  can  be  obtained  in  24  hr 
in  contrast  to  thermal  oxidation  [3)  which  requires  96  hr  to 
produce  a  film  only  80nm  in  thickness. 

It  is  the  object  of  this  study  to  investigate  the 
susceptibility  of  our  polysilicon  TFTs  to  hot  electron  stress. 
Hot-electron  effects  have  been  observed  in  our  polysilicon 
TFTs  and  further  studied  in  MOS  capacitors  with  an 
oxidized  SIPOS  insulator.  We  have  characterized  the  oxide 
traps  in  the  SIPOS  films  by  examining  the  change  of  TFT  I- 
V  characteristics  and  the  trapping  phenomena  due  to  the  hot 
electron  injection  into  the  SIPOS  films  during  avalanche 
breakdown. 

II.  Experiment 

Polysilicon  TFTs  were  fabricated  on  3~5  /?-cm  (UK)) 
n-tvpe  silicon  wafers.  After  the  growth  of  1  *jin  oxide  bv  wet 
oxidation,  amorphous  silicon  films  of  108  ±  5ntn  were 
deposited  in  an  LPCVD  system  at  515  °(\  Crystallization  of 
amorphous  films  was  performed  at  500  °C  for  72  hr.  After 
polysilicon  islands  were  defined,  the  source  and  drain  were 
doped  by  arsenic  implantation  at  40  KeV  to  a  dose  of  2  x 
10  5  cm’*.  No  dopants  was  introduced  into  the  channel.  A 
101  ±  Until  SIPOS  film  was  deposited  at  6(X)  °C  with  the 
flow  rate  ratio  (N^O/Sill^)  =  1.67  in  the  sain*-  LPCVD 
reactor  used  for  deposition  of  amorphous  silicon.  Following 


wet  oxidation  at  600  °C  for  24  hr,  the  SIPOS  films  are 
converted  to  Si02  with  a  final  thickness  of  134  ±  5nm. 
Then,  aluminum  was  evaporated  to  form  the  gate  as  well  as 
the  contacts  to  source  and  drain.  Finally,  hydrogen  plasma 
passivation  was  performed  in  a  Technics  PE-ILA  reactor  at  a 
power  level  of  250  W  for  3  hr  with  a  pressure  of  0.7  torr  and 
substrate  temperature  of  300  °C.  The  final  device  structure 
is  shown  in  Fig.  1. 

TFT  characteristics  were  measured  in  two  different 
modes  before  and  after  hot  electron  stress.  First,  we 
designated  source  and  drain  contacts  and  measured  the 
transistor  characteristics  (subsequently  referred  to  as  forward 
mode).  Then,  we  remeasured  by  switching  source  and  drain 
contacts  (reverse  mode).  All  forward  and  reverse  mode 
measurements  were  at  VDg  =  1  V,  and  VGg  was  swept  from 
-20  V  to  20  V  in  30sec.  Stress  was  applied  by  biasing  the 
transistor  at  V^g  —  V^g  =  7.5  V  for  various  stress  times  at 
room  temperature. 

MIS  capacitors  with  oxidized  SIPOS  films  as  gate 
insulator  for  hot  electron  studies  were  fabricated  on  0.1  ---'0.5 
i7-cm  (100)  p-type  silicon  wafers.  The  SIPOS  films  are 
identical  to  the  gate  insulator  of  TFTs  described  previously 
except  they  did  not  receive  hydrogen  plasma  passivation. 
Aluminum  was  deposited  on  top  of  the  oxidized  SIPOS  films, 
followed  by  definition  of  dots  of  7.85  x  10'3  cm2  and 
deposition  of  aluminum  back  contact.  Avalanche  injection 
of  hot  electrons  into  the  MOS  capacitor  insulator  was  used 
to  study  electron  trapping  in  the  SIPOS  films.  Hot  electrons 
were  injected  by  applying  a  high  fr®o»’pr.Ay  *»-<■  signal  of 
sufficient  amplitude  across  the  capacitor  (4|. 

III.  Result  and  Discussion 

The  I-V  characteristics  of  TFTs  before  and  after  hot 
electron  stress  _re  shown  in  Fig.  2.  For  all  devices  tested,  the 
forward  mode  and  reverse  mode  characteristics  were 
identical  before  hot  electron  stress.  After  application  of  the 
stress,  the  reverse  mode  characteristic  remained  unchanged 
while  the  forward  mode  characteristic  showed  only  a  change 
in  its  leakage  current  behavior  (VGg  <  0  V)  but  no  change 
in  its  ON-state  behavior  (V’Gg  >  0  V).  The  fact  that  the 
reverse  mode  characteristic  is  unchanged  after  stress  is 
consistent  with  hot  carrier  generation  of  interface  states  near 
the  drain  (in  forward  mode  operation). 

For  VG^  <  0,  there  is  a  component  of  drain  current 
due  to  interface  state  generation.  This  is  responsible  for  the 
observed  increase  in  leakage  current.  When  becomes 

more  negative,  a  monotonic  increase  in  leakage  current  is 
observed.  This  is  due  to  the  high  eLelric  field  near  the  drain 
which  results  in  Held-enhanced  leakage  current. 

After  we  observed  hot  electron  effects  i»'  the  TFT  I-Y 
characteristics,  we  examined  the  details  of  electron  trapping 
in  oxidized  SIPOS  films  by  hot  electron  injection  in  SlPO> 
MOS  capacitors.  Fig.  3  shows  trapping  efficiency  due  to 
avalanche  injection  of  hot  eh  "irons  into  oxidized  Sll’OS  of 
an  MIS  capacitor .  The  trapping  efficiency  is  defined  a> 


I 

i 


t 


dN 


tff 


V/ 


dN 


where  Ne«  is  the  number  of  electron  charges  trapped  per 
unit  area  and  N  n  ^  is  the  number  of  hot  electrons  per 
unit  area  collected  by  the  gate  electrode.  A  plot  of  the 
logarithm  of  vs.  Nin-  does  not  show  any  straight  line 
portions.  As  a  result,  we  cannot  characterize  the  trapping  by 
a  small  number  of  different  trap  cross  sections. 


Also  shown  in  Fig.  3  is  the  result  of  similar 
measurements  on  MOS  capacitors  with  wet  thermal  Si0.v 
The  curve  for  SIPOS  insulator  approaches  that  of  wet 
thermal  Si02  grown  at  800  °C  at  an  injection  level  of  1016 

e/cm2.  However,  the  oxidized  SIPOS  films  cannot  be  stressed 
beyond  this  level  or  breakdown  will  occur.  We  conclude 
that  SIPOS  contains  a  significant  number  of  traps  with 
larger  capture  cross  sections  than  thermal  SiO.,.  The  electron 
capture  cross  section  of  wet  thermal  SiO„  was  calculated  as  3 

x  10'19  cm2  which  can  be  attributed  to  the  moisture-related 
centers  reported  by  Nicollian  et  al.  [-1 J. 


In  summary,  interface  state  generation  due  to  hot 
electron  stress  on  TFTs  has  been  observed.  Trapping  of 
electrons  in  oxidized  SIPOS  films  has  also  been  studied.  The 
results  show  that  the  SIPOS  films  have  a  higher  trapping 
efficiency  than  thermal  SiO.,  and  probably  a  distribution  of 
trap  cross  sections. 
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Fig.  2  1-V  characteristic  of  TFT  with  channel 
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Introduction 

It  has  long  been  recognized  that  hot  carriers  can 
cause  degradation  in  the  current  gain  of  bipolar 
transistors  III  This  can  be  a  consequence  of  either 
generation  of  interface  states  or  trapped  charge  in  the 
oxide  which  influences  the  surface  potential  (21  In 
either  case,  hot  carrier-  induced  degradation  becomes 
more  Important  as  the  junction  electric  field  increases. 
As  a  result,  there  have  been  two  recent  investigations  of 
degradation  in  advanced  polysilicon  emitter  transistors 

[3.4] ,  In  this  paper,  we  report  measurements  of  hot 
carrier-  Induced  degradation  In  polysilicon  emitter 
transistors  with  and  without  hydrogen  passivation 
treatments  and  we  show  that  the  dependence  of  excess 
base  current  on  injected  charge  and  bias  can  be 
understood  based  on  a  published  model  [5]  for  hot  carrier 
degradation  inMOSFETs 

Experiment 

The  devices  used  in  this  study  were  polysilicon 
emitter  transistors  fabricated  on  I-  5  O-cm  (III) 
silicon  wafers.  The  base  was  formed  by  implanting  boron 
at  100  keV  to  a  dose  of  2.5  x  I013  cm'2  Polysilicon 
was  deposited  at  625  *C  followed  by  a  100  keV  arsenic 
implant  to  a  dose  of  3  x  1 0 1 5  cm"2  or  1 0 1  ®  cm  "2  The 
emitter  drive-  in  was  either  30  minutes  at  950  ’C  or  15 
minutes  at  950  'C  followed  by  15  minutes  at  1000  'C 

1  c: 

5ome  wafers  were  passivated  by  Implantation  of  10 
cm"2  hydrogen  at  40  keV.  All  wafers  received  a  post- 
metaiiization  anneal  at  approximately  385  *C  in  forming 
gas.  The  emitter  size  of  the  transistors  investigated 
was  10  pm  x  10  urn 

The  hot  carrier  stress  was  performed  by  biasing 
the  emitter-  base  junction  to  a  voltage  VBE  <  0  and 
injecting  electrons  into  the  depletion  region  by  forward 
biasing  the  collector-  base  junction.  This  method  was 
initially  used  by  bosseiaar  (6]  and  has  the  advantage  that 
both  the  voltage  across  the  emitter-  base  junction  and 
the  injecting  current  can  be  Independently  varied  At 
intervals,  the  bias  was  removed  and  Ib<vbe>  w3S 
recorded  with  VCB  -  0  together  with  the  total  charge 
injected  across  the  emitter-  base  junction  Qinj  Typical 
results  are  shown  In  Tig  I  for  both  passivated  and 
unpassivated  transistors  As  expected,  an  excess  base 
current  is  observed  at  low  currents  which  has  been 
attributed  to  pair  generation  through  interface  states 

(3.4)  The  measurements  were  repeated  on  different 
transistors  In  order  to  examine  the  effect  of  VBE  and  the 


passivation  treatment.  We  observed  the  following 
trends: 

1 )  The  degradation  for  a  particular  stress  charge  was 
more  rapid  for  hydrogen  passivated  transistors. 

2)  The  excess  base  current  increases  more  rapidly 
with  stress  charge  at  more  negative  values  of  Vgp 

3)  The  excess  base  current  has  a  voltage  dependence 
of  approximately  120  mV/  decade  for  unpassivated 
transistors  but  has  a  smaller  value  (»  105  mV/ 
decade)  for  passivated  transistors. 


Analysis 


in  order  to  understand  these  results  we  refer  to 
the  model  of  Hu  et  al.  (5).  A  kinetic  model  yields  for  the 
Interface  state  density  N)t  (cm"2] 

..  .  f  Qinj  "?it/qXEm  ln 

Njt=c[— J-e  j 


where  P  is  the  perimeter  of  the  transistor,  <Pjt  is  the 

electron  energy  required  to  surmount  the  oxide  barrier 
and  generate  an  interface  state,  A  is  the  electron  mean 
free  path,  Em  is  the  maximum  junction  electric  field 
during  injection,  and  the  exponent  n  is  between  5  and  1 
The  interface  states  will  produce  an  excess  base  current 
due  to  pair  generation  given  by 


A,B  =  ~  PNitovthniwF  e 


qVBE/mkT 


where  Wp  is  the  part  of  the  emitter-  base  depletion 


width  active  in  recombination,  O  the  capture  cross 
section,  and  vth  the  thermal  velocity  The  ideality  factor 


m  is  usually  equal  to  2  but  may  have  other  values  when 
field  enhanced  emission  |7]  and/  or  a  nonuniform 
distribution  of  interface  states  (8)  is  present  At  a 
particular  value  of  VBE,  we  therefore  expect 


6lB~(Qinj 


-"Plt/qXEm  n 
e  )  . 


In  Fig  2,  w»  presc-'  the  excess  base  current 
AIB(V0E  *  48  V)  as  a  function  of  Injected  charge  Qtnj  on 
a  log-  log  plot  The  data  for  all  transistors  is  fit 
reasonably  well  by  a  straight  line  with  slope 
corresponding  to  n  »  0  5  Also  visible  is  the  strong 
dependence  on  electric  field  Em  We  can  determine  the 

ratio  <Pjt/A,  since  we  expect  for  constant  injected 
charge  log(AlB2)~-<P)t/qXEm  This  analysis  is 
Illustrated  In  Fig  3  for  the  unpassivated  transistor, 
where  the  maximum  electric  field  has  been  determined 
from  capacitance  measurements  Assuming  <p|t  ■  3  7  eV, 
we  obtain  A  •  33  A,  which  is  in  fair  agreement  with 
previous  reports  15)  For  passivated  devices,  a  higher 
value  is  obtained  for  A  We  regard  the  results  for 
passivated  devices  as  less  reliable  because  the  higher 
values  of  Nit  may  cause  the  electric  field  at  the  surface 
to  be  different  from  the  rest  of  the  Junction 


In  conclusion,  we  note  that  tne  rate  of  Interface 
state  generation  Is  greater  In  passivated  devices,  even 
for  similar  doping  profiles.  This  Is  consistent  with 
models  for  Interface  state  generation  which  Involve 
hydrogen  [5,9],  As  a  result,  hydrogen  passivation  to 
Increase  the  current  gain  (10]  may  adversely  Influence 
the  stability  of  polysliicon  emitter  transistors 
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Fig.  I.  IB(VBE)  with  VCB  ■  Oberore  and  after  stress  The 
top  curve  Is  for  an  unpassivated  transistor  and  the 
bottom  curve  for  a  passivated  transistor.  The  dotted 
line  Indicates  a  slope  of  120  mV/  decade 


Fig.  2  Plot  of  log(AlB)  as  a  function  of  log  Q)nj  for  three 
transistors:  (#,0)  unpassivated  with  30  min  drive- 
in  at  950  ‘C  and  1016  cm'2  arsenic  dose,  (A, A) 
same  transistor  with  hydrogen  passivation;  and 
(  ■  ,  □  )  passivated  with  3  x  1015  cm"2  arsenic 
diffused  15  min  at  950  *C  followed  by  15  mm  at 
1000  ’C  The  solid  points  correspond  to  VBf  ■  -5  3  V 
and  the  open  points  VBE  *  -45  V 


Fig.  3  Plot  of  tog(AIB2)  as  a  function  of  1/^  for  an 
unpassivated  transistor  The  emitter  drive-  in  time 
was  30  min  at  950  "C  The  lines  correspond  to  X  « 
33  A. 


Abstract  No.  299 

DIELECTRIC  FORMATION  BY  RAPID  THERMAL 
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Advances  in  VLSI  technology  have  made  the  reduction  of  gate 
insulator  thickness  necessary  for  high  density  integrated 
components.  As  the  dielectric  film  thickness  approaches  the  10 
nm  regime,  the  use  of  Si02  is  no  longer  appropriate  due  to 
problems  such  as  hot  electron  effects,  high-field  instabilities, 
radiation  damage,  poor  impurity  masking  and  slow  trapping  in 
this  material  [1],  One  ef  the  most  promising  alternatives  to  thin 
Si02  is  nunded  Si02-  Thermal  processing  in  an  ammonia  ambient 
results  in  the  nitridation  of  the  Si02  and  an  oxynitride  is  thus 
formed.  Conventional  thermal  furnace  methods  are  traditionally 
used  to  achieve  nitridation.  However,  long  exposure  at  high 
temperature,  (typically  >1100°C  for  several  hours),  results  in  the 
degradation  of  the  electrical  characteristics  of  MOS  devices  [2].  On 
the  other  hand,  high  processing  temperatures  can  provide  good 
electrical  characteristics  if  decreased  processing  times  are  used 

[3]. 

Rapid  Thermal  Nitridation  (RTN)  is  proving  to  be  a  viable 
alternative  to  conventional  thermal  methods.  Processing  is 
performed  at  very  high  temperatures  for  short  times  (<  1 20  sec.). 
In  order  to  achieve  an  optimal  gate  dielectric,  a  greater 
understanding  of  the  RTN  process  with  respect  to  structural  and 
electrical  properties  must  be  obtained.  Unfortunately,  data  on 
short-time  nitridation  of  Si02  is  limited.  This  paper  reports  on 
the  results  of  a  study  of  the  electrical  and  structural  properties  of 
thin  dielectric  films  produced  by  the  RTN  process.  Dependence  of 
film  properties  on  RTN  time  and  RTN  temperature  are  stressed. 

Experimental  Procedure 

Si02  films  10  nm  thick  were  grown  on  100  mm.  <100>. 
7.5-12.5  ohm-cm.  n-type  (P)  silicon  substrates.  After  a  one  hour 
HC1  tube  clean,  oxidation  was  performed  for  15  minutes  at  900°C 
in  dry  O2.  Nitridations  were  performed  in  a  Tamarack  180M  Rapid 
Thermal  Processor  using  a  pure  ammonia  ambient  at  atmospheric 
pressure.  The  wafers  were  nitrided  at  four  different  temperatures, 
900°C,  1000°C,  1100°C.  and  1200°C  for  four  different  nitridation 
times,  3  sec,  15  sec,  60  sec  and  90  sec.  The  temperature  was 
ramped  up  to  within  25°  C  of  the  designated  processing 
temperature  within  3  seconds,  and  after  nitridation  was  ramped 
down  *o  below  600°C  within  three  seconds. 

Structural  characteristics  were  analyzed  using  Auger 
Electron  Spectroscopy  (AES),  X-ray  Pbotoelectron  Spectroscopy 
(XPS)  and  Secondary  Ion  Mass  Spectroscopy  (SIMS).  Layer 
morphology  was  examined  using  High  Resolution  Transmission 
Electron  Microscopy  (HRTEM).  Electrical  characterization  was 
performed  using  capacitance-voltage  (C-V)  techniques. 

Results  and  Discussion 

The  results,  in  general,  confirm  the  work  of  previous 
researchers  but  also  provide  new  data  on  the  RTN  technique. 
Selected  AES  results  are  shown  in  Fig.  1.  For  low  temperature, 
short  lime  nitridation  (900°C,  3  sec),  AES  shows  minimal  surface 
nitrogen  with  no  observable  nitrogen  in  the  bulk  or  at  the 
interface.  As  RTN  time  increases  with  the  RTN  temperature 
remaining  low  (900° C,  60  sec),  or  as  the  RTN  temperature 
increases  with  the  RTN  time  remaining  short  (1100°C,  3  sec),  the 
interfacial  nitrogen  concentration  increases  without  an 
appreciable  increase  in  surface  nitrogen.  At  long  RTN  times  and 
high  RTN  temperatures  (1100°C.  60  sec),  the  concentration  of 
nitrogen  throughout  the  entire  SiC^  film  is  significantly 

increased. 

Data  from  XPS  demonstrates  that  at  low  RTN  time  (1100°C.  3 
see),  the  surface  nitrogen  fraction.  (N)/((N]+fOJ),  measures  .038  and 
the  imerfacial  nitrogen  fraction  measures  .016.  Increasing  RTN 
times  increase  the  surface  N  fraction  to  approximately  .092  and 
the  imerfacial  N  fraction  to  .091.  At  very  high  RTN  limes  and 
temperatures  (1200°C,  60  sec),  the  surface  N  fraction  measures 
over  .15  and  the  imerfacial  N  fraction  measures  .07.  This 

maximum  surface  concentration  differs  by  more  than  an  order  of  2 
from  the  0.35  fraction  measured  by  Chang  et  al.  (2).  SIMS  analysis 

shows  a  very  sharp  hydrogen  concentration  peak  near  the  surface. 


decreasing  significantly  wilhin  several  angstroms  and  then  slowly 
decreasing  through  the  bulk  of  the  wafer,  dropping  off  towards 
zero  at  the  interface.  No  interfacial  hydrogen  peak  was  observed. 

A  possible  model  for  this  nitridation  reaction  can  be 
derived  from  the  above  results.  The  nitrogen  profiles  observed  are 
probably  the  combination  of  the  profiles  of  two  separate  nitrogen 
species;  nitrogen  reacted  with  silicon,  and  nitridant  (NHX, 
x=0, 1,2,3).  As  nitrogen  diffuses  through  the  S1O2  some  of  it 

reacts  with  the  first  several  monolayers  of  the  surface.  In 

addition,  because  of  the  high  density  of  states,  the  SiC^/Si 
interface  acts  as  a  nitrogen  sink,  causing  the  nitrogen  to  react, 

thus  creating  a  favorable  driving  force  for  nitrogen  to  diffuse.  As 
observed  in  Fig.  1,  in  the  interface  region  the  nitrogen  accumulates 
confirming  that  the  interface  must  be  a  very  strong  sink.  As  the 
concentration  of  nitrogen  increases  with  time,  nitridation  of  the 
surface  proceeds  and  further  diffusion  of  the  nitrogen  into  the 

S1O2  layer  becomes  slow.  This  gives  rise  to  a  larger  concentration 
of  nitrogen  at  the  surface,  even  larger  than  at  the  interface. 

The  presence  and  relative  quantities  of  bold  nitrogen  and 
hydrogen  have  a  profound  effect  on  the  electrical  characteristics  of 
the  processed  films.  There  is  a  marked  shift  in  Hatband  voltage 
with  an  increasing  negative  swing  for  900°C  and  II00°C  up  to  60 
sec  processing  time.  Longer  processing  times  at  these 
temperatures  result  in  a  less  negative  swing.  The  worst  case  shift 
of  approximately  -1.0  V  occurs  for  1100°C  at  60  sec.  At  1200°C. 
the  trend  is  repeated  but  over  a  much  shorter  time  scale,  with  the 
peak  shift  (  -0.6  V)  occurring  around  3  sec.  The  shift  in  flatband 
voltage  is  created  by  the  change  in  the  amount  of  fixed  charge 
within  the  films,  which  rises  and  subsequently  falls  with 
increasing  processing  time.  The  rise  correlates  with  rising 

imerfacial  nitrogen,  whereas  the  decrease  corresponds  to  a 

subsequent  increasing  hydrogen  concentration  near  the  interface. 

With  regard  to  morphology  of  the  layers,  short  processing 
times,  as  shown  by  HRTEM  analysis,  have  little  effect  on  the 
silicon/dielectric  interface.  Fig.  3  shows  a  smooth  ;r.*erface 
similar  to  the  transmission  electron  micrographs  of  layers  not 
subjected  to  nitridation.  A  dramatic  difference  is  observed  at 

1100°C  for  60  sec.  [Fig.  4).  Here  the  interface  is  by  no  means 

smooth  and  there  appears  to  be  other  amorphous  regions 
penetrating  randomly  into  the  silicon  surface.  Due  to  the  large 
quantity  of  nitrogen  (and  a  small  amount  of  hydrogen)  at  the 
interface  for  these  processing  conditions,  it  is  likely  that  we  arc 
witnessing  the  formation  of  silicon-rich  oxynitride  or  perhaps 
even  silicon  nitride  amorphous  regions. 
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In  terms  of  initial  device  yield,  and  long  term  reliability,  process  induced  radiation 
damage  represents  an  area  of  considerable  concern.1-6  The  processes  that  need  to  be 
examined  include  Ion  Implantation,  X-Ray.  E-Beam  and  loo  Beam  lithography. 
Electron  Beam  metal  evaporation,  Sputtering,  Reactive  Ion  Etching,  and  even  SEM 
examination. 

The  talk  will  discuss  the  effects  of  synchrotron  X-radiation  in  the  energy  range  300- 
100  eV,  as  well  as  A1  Ka  exposures  whicn  simuldlt  X-ray  lithographic  procedures. 
It  will  describe  such  effects  in  the  coatext  of  preliminary  studies  dealing  with  vary¬ 
ing  rad  exposure  level  at  constant  gale  insulator  thickness,  as  well  as  tN*  behavior  at 
several,  rad  exposue  levels  as  a  function  of  gate  insulator  thickness. 

Data  will  be  presented  indicating  that  despite  prevailing  beliefs,  damage  in  (he  syn¬ 
chrotron  range  follows  a  linear  relationship  over  the  thickness  range  from  less  lhatn 
lOnm  to  50am,  indicating  strongly  that  damage  resides  near  the  interface  and  is  con¬ 
stant  with  increasing  insulator  thickness.  It  will  be  shown  that  sirh  behavior  is  con¬ 
sistent  with  a  simple  model.  Even  if  such  damage  can  be  annealed  completely  using 
normal  techniques,  which  is  questionable,  there  are  wide-ranging  implications  con¬ 
cerning  the  rad  hardness  of  scaled  devices. 

Preliminary  studies  of  silicon  implantation  effects  in  gate  insulators  will  also  be  dis¬ 
cussed.  as  will  questions  relating  to  defect  annealing  behavior  in  insulators  subjected 
to  different  forms  of  radiation.  The  silicon  implantation  studies  are  intended  to 
simulate  inadvertent  implantation  damage  in  the  gate  insulator  of  an  IGFET.  The 
focus  will  be  on  the  electrical  effects  of  such  implantation,  and  the  annealing 
behavior,  or  lack  thereof,  and  radiation  tolerance  observed  with  such  devices.  In 
addition,  based  on  existing  trapping  model  equations,  data  was  generated  for  trap 
cross  sections  and  densities,  of  both  coulombic  and  neutral  centers  ranging  tn  X- 
sectioo  from  10'l3cm2to  I0|7cm2. 
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Introduction 

Chemical  deposition  of  silicon  dioxide  films  are  widely  in  use  in  VLSI  pro¬ 
cessing1'2’3.  However,  the  characteristics  of  as  deposited  CVD  films  are 
different  from  those  of  thermal  silicon  dioxides.  The  present  study  investi¬ 
gates  improvements  in  the  mechanical  and  physical  characteristics  of 
LPCVD  silicon  dioxide  films  subjected  lo  rapid  thermal  annealing  in  an 
oxygen  ambient  atmopsphere.  The  oxygen  to  silane  gas  ratio,  Oj/SiH^  and 
the  reactant  partial  pressure  were  used  to  control  deposition  rate  and  unifor¬ 
mity  of  the  deposited  oxides. 

The  changes  in  dielectric  constant,  etch  rate,  electric  field  breakdown 
strength,  bias-temperature  stress  instability,  refractive  index,  and  I.R. 
absorption  and  transmission  were  examined  on  a  series  of  samples  to  esti¬ 
mate  the  level  of  improvements  associated  with  annealing4 
The  changes  in  mechanical  and  physical  properties  indicate  that  oxidation 
of  "silicon  rich”  films  and  densification  of  the  lower  density  LPCVD  oxides 
occurs  during  rapid  thermal  annealing. 


The.  gas  ratio  study  confirmed  some  of  the  information  available  in  the 
literature1.  However,  the  post-deposioon  annealing  study  in  oxygen 
ambieot  atmosphere  in  a  RTA  furnace  provided  significant  improvement  of 
as  deposited  LPCVD  oxides  whereby  their  properties  approached  the 
characteristics  of  the  thermal  oxide. 
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Experimental 

For  these  experiments.  4  inch.  P-type,  (100)  orientation  gettered  device 
quality  silicon  wafers  were  used.  After  standard  cleaning  in 
NH^Ht^O^O.  HCliRjO^HjO  and  buffered  HF  etch/rinse  cycles,  the 
wafers  were  coated  with  LPCVD  oxides. 

These  films  were  deposited  on  closely  packed  vertical  wafers  in  a  hot  wall 
resistance  heated  furnace  using  SiH4  and  Oj  mixtures.  The  Oj/SiH4  gas 
ratio  was  varied  from  2  to  9.  The  deposition  pressure  was  approximately 
250  mTorr  for  all  runs  and  the  wafer  temperature  during  the  depositions 
was  400* C  ±  0.5*C. 

Following  deposition,  rapid  thermal  annealing  in  an  oxygen  ambient  atmo¬ 
sphere  was  conducted  for  varying  lengths  of  time  and  temperatures.  Times 
up  to  100  seconds  and  temperatures  up  to  1050*C  were  employed. 

An  automated  ellipsometer  was  used  to  measure  the  oxide  thickness,  uni¬ 
formity.  and  refractive  index.  Etch  rate  studies  were  conducted  to  provide 
additional  information.  An  automated  capacitance-voltage  plotter  was  used 
to  measure  the  bias-temperature  stress  instability  and  dielectric  constants  of 
annealed  and  un- annealed  films.  A  special  set-up  using  a  digital  electrome¬ 
ter  was  employed  to  measure  electric  field  breakdown  strength  of  oxides 
with  and  without  rapid  thermal  annealing. 

At  temperature  above  1000‘C,  rapid  thermal  oxygen  annealing  reduced  the 
as  deposited  dielectric  constant  from  values  as  high  as  4.41  for  films 
presumed  to  be  silicon  rich  to  approximately  3.80,  essentially  independent 
of  the  value  of  the  as  deposited  dielectric  constant.  For  1050*C  annealing, 
the  dielectric  constant  approached  3.84,  characteristic  of  thermally  grown 
oxides  on  silicon. 

Post-deposition  annealing  produced  a  shift  in  the  I.R.  absorption  and 
transmission  peak  frequency  toward  that  of  thermal  oxides.  The  amount  of 
the  shift  generally  increased  with  the  annealing  temperature. 

The  refractive  index  of  the  deposited  oxides  was  as  high  as  1.47.  However, 
after  being  fully  annealed  they  all  approached  a  value  of  approximately 
1.46. 

Dielectric  breakdown  voltages  have  been  measured  for  samples  approxi¬ 
mately  I200A  thick.  For  as  deposited  samples  the  peak  in  the  histograms 
of  breakdown  voltage  corresponds  to  breakdown  field  strengths  of  4  9-5.5 
MV/cm.  Annealed  samples  showed  a  modest  improvement  in  the  break¬ 
down  voltage. 

Results 

The  mitral  results  have  shown  (bar  the  gas  ratio  (SiH^j)  has  a  marked 
influence  on  both  the  dielectric  constant  and  breakdown  field  strength  of  as 
deposited  oxides. 
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INTRODUCTION 

Low  temperature  plasma  deposited  silicon  nitride  and 
oxide  films  are  excellent  materials  that  can  be  used 
for  final  passivation  layers  and  interlevel 
dielectric  films  for  very  large  scale  integrated 
circuit  fabrication1  Generally,  the  deposition 
substrate  temperature  must  be  350°C  or  higher  to 
obtain  good  quality  films.  For  ultra  large  scale 
intergrated  circuits  (ULSI)  fabrication,  better 
interlevel  dielectric  films  with  lower  hydrogen 
concertration  are  needed.  In  recent  reports*’* 
silicon  nitride  and  oxide  films  deposited  by  electron 
cyclotron  resonance  (ECR)  plasma  processing  were 
found  to  have  lower  hydrogen  concentrations  and  other 
promising  physical  properties.  In  this  paper,  we 
present  a  systematic  study  of  the  physical  and 
chemical  properties  of  ECR  plasma  silicon  nitride  and 
oxide  films  deposited  at  room  temperature  and 
compared  these  properties  with  those  of  thermal  and 
plasma  chemical  vapor  deposited  (CVD)  films. 

EXPERIMENTAL 

ECR  plasma  silicon  nitride  and  oxide  films  were  de¬ 
posited  in  an  ECR  deposition  system  similar  to  the 
system  described  in2.  Silane  and  nitrogen  and  silane 
and  oxygen  were  used  as  reactant  gases  for  silicon 
nitride  and  oxide  films  respectively.  Both  films 
were  deposited  at  room  temperature  us  inf  2.45  GHz 
microwave  excitatio:.  with  »  magnetic  field  of  875 
Gauss  at  1  to  2  mTorr  pressure.  The  film's  physical 
and  bonding  properties  were  analyzed  using 
ellipsometry ,  Auger,  Fourier  transform  infrared,  X- 
ray  photoelectron  spectroscopy,  transmission 
electron  microscopy,  buffered  KF  etching  and  nuclear 
reaction  analysis  for  hydrogen  analysis  techniques. 
Plasma  and  thermal  CVD  films  deposited  at  much  higher 
temperature  (350®  and  800°C)  were  also  analyzed  and 
compared  with  ECR  plasma  films.  Both  ECR  plasma 
silicon  nitride  and  oxide  films  were  also  deposited 
over  silicon  trench  topography  and  their  step  cover¬ 
age  was  analyzed  under  various  process  conditions. 

RESULTS  and  DISCUSSIONS 

Ellipsometric  measurement  of  as  deposited  silicon 
nitride  and  oxide  films  have  refractive  indices  of 
2.15  and  1.47  respectively.  Auger  depth  profiles 
analysis  showed  the  nitride  film  has  poor  depth 
profile  uniformity  and  higher  silicon  concentration 
than  the  stoichiometric  composition  of  Si^N^.  This 
result  is  consistent  with  the  higher  film  refrative 
index.  For  silicon  oxide  films,  the  Auger  depth  pro¬ 
files  is  much  more  uniform,  with  the  composition  of 
SiOj  g  (nearly  stoichiometric  SiO^) 

FTIR  spectra  show  the  presence  of  Si-N  (  =  880  cm  *) 
bonds  and  smaller  amount  of  N-H  (s  3340  cm  *)  and 
Si-H  (»  2000  cm  *)  bonds  in  the  silicon  nitride  film. 

The  principal  Si-0  bonds  (a  1065  and  830  cm  *)  and 
much  smaller  amounts  of  Si-H  bonds  were  observed  in 
silicon  oxide  films.  Table  I  showed  that  halfpeak 
width  comparison  between  ECR,  thermal  and  plasma 
deposited  nitride  and  oxide  films.  The  halfpeak 


width  of  plasma  films  are  normally  broader  while 
those  of  ECR  and  thermal  films  are  about  the  same. 
This  suggested  that  the  ECR  films  quality  are  similar 
to  thermal  films. 

Nuclear  reaction  analysis  for  hydrogen  showed  the 
hydrogen  concentration  in  ECR  films  deposited  cl  room 
temperature  are  about  half  of  the  hydrogen  concen¬ 
tration  in  plasma  films  deposited  at  300°C.  The  hy¬ 
drogen  depth  profiles  of  the  ECR  oxide  films  are  also 
more  uniform  than  observed  with  nitride  films.  How¬ 
ever,  the  hydrogen  concentrations  in  ECR  films  are 
still  much  higher  than  those  of  thermal  films  (Table 
II).  It  should  be  noted  that  the  amount  of  hydrogen 
observed  in  our  films  is  near  the  upper  limit  of  the 
hydrogen  concentration  range  detected  in  ECR  films 
reported  by  T.  Hirao2’*.  Buffered  HF  etching  of  ECR, 
thermal  and  plasma  deposited  films  showed  that  the 
ECR  films  etch  much  slower  than  plasma  films;  how¬ 
ever,  the  etch  rates  are  still  significantly  faster 
than  thermal  films. 

X-ray  photoelectron  spectroscopy  analysis  showed  some 
carbon  contamination  (8-13%  a/o)  on  both  ECR  nitride 
and  oxide  surface.  The  surface  compositions  are 

SiO.  _  for  silicon  oxide  and  Si,N„  silicon  nitride 
1.7  43 

films.  No  significant  differences  in  surface  compos¬ 
ition  were  observed  between  ECR,  plasma  and  thermal 
nitride  and  oxide  films  of  similar  bulk  compositions. 

Both  nitride  and  oxide  films  have  very  nonconformal 
step  coverage.  Films  deposited  without  RF  bias  have 
very  poor  (<  0.4)  sidewall  coverage.  Under  many 
conditions,  high  aspect  ratio  grooves  cannot  be 
filled  by  ECR  silicon  oxide  and  nitride  films. 

Transmission  electron  micrographs  show  that  sidewall 
film  coatings  may  have  voids,  are  more  porous  and 
etch  much  faster  in  buffered  HF  solution  compared  to 
films  deposited  on  planar  surfaces  (Figs.  1-2).  This 
is  due  to  the  enhanced  vertical  ion  bombardment 
characteristic  of  ECR  processing5,  which  densifies 
films  deposited  on  planar  surfaces.  With  RF  bias, 
oxide  films  showed  good  planarization  characteristic 
as  has  been  observed  by  Machida*.  The  film  in  Fig. 
1  was  deposited  without  RF  bias  during  the  initial 
stage  of  film  growth,  then  with  bias  for  the  remain¬ 
der  of  the  film.  The  voids  occur  in  the  portion  of 
the  film  deposited  without  bias,  and  the  fissure  oc¬ 
curs  during  deposition  with  bias. 


CONCLUSION 

The  physical  and  bonding  characteristic  of  ECR  plasma 
deposited  silicon  nitride  and  oxide  films  were 
analyzed  using  various  analytical  techniques.  ECR 
films  deposited  at  room  temperature  showed  better 
qualities  than  those  of  plasma  deposited  films  at 
higher  temperature  (350®C).  The  oxide  film  qualities 
are  almost  comparable  to  thermal  CVD  films;  however, 
the  nitride  film  qualities  are  slightly  poorer.  For 
both  films,  the  step  coverage  is  very  nonconformal 
and  sidewall  films  are  much  more  porous  under  most 
deposition  conditions.  This  is  due  to  the 
anisotropic  ion  bombardment  properties  of  ECR 
processing.  RF  biasing  can  reduce  this  effect. 
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Table  I.  FTIR  bonding  analysis  of  ECR.  thermal  and  plasma  films 


Film 

Type 

SiN  /SiO 

Band  Position 
(cm  “  ^ 

Peak  Width 
(cm'1) 

Film 

Refractive 
Index  (N) 

Deposition 

Temperature 

(°C) 

ECR  Si02 

1065 

110 

1.476 

25° 

PECVD  Si02 

1050 

230 

1.47 

30C 

LPCVD  Si02 

1090 

110 

1.46 

800° 

ECR  Si3N4 

665 

210 

2.15 

25° 

LPCVD  Si3N4 

870 

215 

2.00 

800° 

Plasma  ASM  Si3N4 

900 

240 

2.00 

350° 

Plasma  ASM  Si3N4 

895 

250 

1.97 

300° 

Table  II. 

Hydrogen  content  in  ECR  film  vs  7 
buffer  HF  etching 

:  4 : 1 

Film 

H2Atomic  % 

Etch  Rate 

(A  /  min) 

ASM 

Nitride 

20-24% 

200  A 

PECVD 

(300°) 

Oxide 

9-12% 

100A 

CVD 

Nitride 

1. 5-2.5% 

10  A 

(800  °C) 

Oxide 

1-2% 

50-200  A 

ECR 

Nitride 

13-15% 

80  A 

(25°C) 

300W 

Oxide 

4-6% 

270  A 

- 1  pm 


Subject:  TEM  Analysis  of  ECR  SiC2 


Figure  1.  Lower  corner  of  an  ECR  SI02  filled  trench.  Note  the 
pores  In  the  oxide  along  the  verthal  surface,  and  the 
fissure  In  the  oxide  where  the  oxides  grown  from  the 
bottom  and  sidewall  of  the  trenoh  meet. 


Figure  2.  ECR  SI02ln  trench  •  relief  etched  In  7:4:1  SI  etch.  Note  oxide  layer  at  trench  bottom 
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An  electron-cyclotron-resonance  (ECR) 
plasma  CVD  process[l]  is  potentially  effec¬ 
tive  for  semiconductor  fabrication.  It  can 
deposit  a  high  quality  insulator  film(Si02, 
Si3N4  etc.)  on  a  semiconductor  substrate 
without  heating.  The  ECR  plasma  CVD  process, 
however,  has  shortcomings  to  be  overcome; 
(1)  the  deposited  film  thickness  is  not 
uniform  especially  on  a  large  substrate,  e.g. 
6  inches  wafer,  and  (2)  it  is  unsymmetrical 
in  the  periphery  of  the  substrate  when  the 
film  is  deposited  on  a  pattern.  This  paper 
describes  an  improved  ECR  plasma  CVD  process, 
in  which  the  shortcomings  of  a  conventional 
ECR  plasma  CVD  process  are  solved  by 

controlling  a  magnetic  field. 

A  conventional  ECR  plasma  CVD  apparatus 
is  shown  in  Fig.l.  Plasma  is  generated  in  a 
plasma  chamber  by  microwaves  with  the 

frequency  of  2.45GHz,  and  extracted  toward  a 
substrate  efficiently  by  a  divergent  magnetic 
field.  The  shortcomings  of  the  conventional 
ECR  plasma  CVD  process  are  due  to  the 

divergent  magnetic  field.  The  electron 

mobility  in  a  magnetoplasma  is  given  by 
Mo.  /  M//  =*  Dx  /  Dt  =  l  /(  l+(COc  IP  )2),  (1) 

where  M  is  the  electron  mobility,  D  the 
diffusion  coefficient,  u)c  the  electron  cyclo¬ 
tron  frequency  (  =eB/m,  B  the  magnetic  field, 
m  the  mass  of  electron),  V  the  collision 
frequency,  and  the  suffices,  _i_  and  //  , 

indicate  perpendicular  and  parallel  component 
to  B  respectively.  Thus,  the  following 

condition  is  valid  for  the  conventional  ECR 
plasma  process. 

Mi./  M u=  Dj.  /  D//<<  1  ,  (2) 

because  ofWc»  .  The  equation(2)  implies 
that  electrons ( also  ions  in  consequense  of 
ambipolar  electric  field  induced  by  electron 
motion[2])  mov°  along  the  magnetic  force  line 
and  scarcely  diffuse  across  the  magnetic 
force  lines.  Therefore  the  plasma  density 
just  above  the  substrate,  i.e.  deposition 
rate,  becomes  nonuniform  even  if  the 
generated  plasma  is  uniform  in  the  plasma 
chamber.  Furthermore  the  slant  incidence  of 
ions  onto  the  substrate  is  unavoidable  and 
yields  unsymmetrical  deposition  on  a  pattern. 

Uniform  deposition  in  ECR  plasma  CVD 
process  is  achieved  by  a  dual  magnetic  coil 
(DMC)  as  shown  in  Fig. 2.  The  DMC  consists  of 
inner  and  outer  coils  with  cylindrical  yorks 
located  co-axially  below  the  stage.  With  the 
combination  of  the  divergent  field  by  ECR 
coil,  the  inner  coil  generates  a  cusp 

magnetic  field  and  the  outer  one  generates  a 
mirror  field.  The  distribution  of  B  measured 
above  the  stage  is  shown  in  Fig. 2.  There 

is  a  low  magnetic  field  region  just  above  the 
substrate  surrounded  by  a  relatively  high 
magnetic  field  regioh.  In  the  low,  magnetic 
field  region,  the  following  condition  of 
Ma  /  M//  =  Dx  /  D//  -  0  (3) 

is  realized;  therefore  the  plasma  can  diffuse 
isotropically  in  this  region,  and  ions 

incident  normally  onto  the  substrate  due  to 
the  sheath  electric  field.  The  plasma  density 
averaged  on  the  substrate,  i.e.  the 


deposition  rate,  is  approximately  the  same  as 
that  in  a  conventional  ECR  process,  because 
the  plasma  cannot  diffuse  out  across  the  high 
magnetic  field  region. 

Using  the  ECR  apparatus  with  the  DMC, 
Si02  film  is  deposited  or.  a  6  inches  wafer 
with  02  gas  introduced  into  the  plasma 
chamber  and  SiH4  gas  into  the  reaction 
chamber.  The  uniformity  of  the  film  thickness 
is  <±5%  against  ±18%  in  the  conventional  data 
(Fig. 3).  The  film  properties,  refractive 
index  and  buffered  hydroflouric  acid  etching 
rate,  within  the  wafer  are  also  uniform. 

Furthermore,  the  ions’  incident  angle  at 
the  edge  of  the  wafer  is  simultaneously 
improved.  Fig. 4  shows  the  Si02  step-coverage 
at  edge  of  the  wafer.  With  the  conventional 
divergent  magnetic  field,  the  Si02  film  is 
deposited  unsymmetr ically  on  the  pattern,  but 
using  the  DMC,  deposited  symmetrically. 

In  summery,  both  the  uniformity  of  Si02 
film  in  ECR  plasma  CVD  and  the  ions'  incident 
angle  at  the  edge  of  the  wafer  is  drastically 
improved  by  controlling  the  magnetic  field 
with  keeping  a  high  deposition  rate. 

REFFERENCES 

(1)  S. Matsuo,  M.Kiuchi  and  T.Ono  :  Proc. 
10th  Sympo.  on  ISIAT"86,  Tokyo  (1986)471 

[2]  R.Geller,  N . Hopf garten ,  B.Jacquot  and 
C.Jacquot  :  J.  Plasma  Physics,  vol.12, 
part 3  (1974)467 


Abstract  No.  304 

Plasma  Induced  Surface  Modification 
of  GaAs  :  An  X-ray  Photoelectron 
Spectroscopy  (XPS)  Characterization. 

Naresh  C.  Saha 

Bipolar  Technology  Laboratory 

Gordon  Tam  and  Ronald  N.  Legge 
phoenix  Corporate  Research  &  Development 

Motorola  Inc.,  5005  E.  Me  Dowell  Road 
Phoenix,  AZ  $5008 


PECVD  d'cloct'iu  lunris  1'ave  been  used 
extensively  for  passivating  GaAs  devices.  However, 
drift  in  high  frequency  performance,  degradation  in 
DC  parameters  and  high  leakage  current  are  still  of 
major  concern.  Many  of  the  device  failures  can  be 
attributed  to  the  instability  and/or  chemistry  of 
the  passivating  film/GaAs  interface  (1).  The 
efforts  to  passivate  this  interface  by 
hydrogenation,  nitridation  or  by  chemical 
treatments  have  shown  encouraging  results  (2-3). 

In  this  paper,  we  examined,  using  x-ray 
photoelectron  spectroscopy  (XPS),  the  nature  of 
chemical  modifications  of  the  GaAs  surfaces  upon 
exposure  to  different  plasma  environments 
relevant  to  PECVD  Si3N4  and  SiO*Ny  deposition 
conditions. 

GaAs  (100)  wafers  were  exposed  to  NH3/N2, 
N2,  N2O/N2,  SiH-t/Ar  and  Ar  plasmas  separately 
7.0  minutes  at  250°C  before  the  plasma  treatment. 
Except  for  SIH4/Ar,  all  plasma  treatments  were  done 
for  5.0  minutes  at  a  substrate  temperature  of  250°C 
using  a  power  density  of  0.03  W/cm2  .  SiH4  plasma 
was  exposed  for  40  seconds  only. 

All  samples  were  transported  Into  the  XPS 
spectrometer  chamber  within  5.0  minutes  of  plasma 
treatments.  GaAs  samples  after  fresh  NH4OH  etch 
and  250°C  bake  were  also  analyzed  for  comparison. 
All  XPS  analyses  were  carried  out  in  a  Perkin  Elmer 
5300  spectrometer  with  variable  angle  measurement 
capability. 

The  high  resolution  XPS  data  of  As  3d,  Ga  3d. 

O  Is,  N  Is,  SI  2p  and  SI  KLL  regions  were  collected 
at  different  take-off  angles  (5°-75°)  to  delineate  the 
chemistry  and  to  obtain  the  nondestructive  chemical 
depth  profiles  of  the  atoms  In  the  modified  layers 
and  their  Interfaces  with  GaAs.  In  all  eases,  the 
photoelectron  signal  due  to  GaAs  substrate  was 
detectable  at  higher  take-off  angles  and  hence  both 
surface  and  the  modified  laver/GaAs  Interface 
chemistry  could  be  examined.  From  the  relative 
Intensity  of  the  high  resolution  peaks,  0/(Ga+As), 
As/Ga  and  N/(Ga+As)  ratios  were  determined  as  a 
function  of  take-off  angle  of  measurements  (Table-I). 

All  surfaces  were  extensively  modified  by 
plasmas.  The  nature  and  extent  of  modifications 
were  found  to  be  characteristic  of  the  individual 
plasma  to  which  the  samples  were  exposed.  As/Ga 
ratios  in  the  top  5A  of  the  surface  layer  ranged  from 
1.90  to  0.05.  As  3d  and  Ga  3d  spectra  were  complex 
In  many  cases  due  to  presence  of  more  than  one 
components,  especially  when  nitrogen  was  found 
inromnrqted  In  the  mmle  F1"  1  illustrates  the 
i  .edifying  ctlect  of  nitrogen  containing  plasmas  on 


the  As  chemistry.  These  spectra  were  curve-fitted  to 
Individual  component  peaks  to  determine  the 
chemistry  of  different  species.  The  main  peak  at 
around  41 .4  eV  was  due  to  As  in  GaAs.  While  only  one 
additional  peak  was  detected  In  the  As  3d  spectrum 
after  NH3/N2  treated  sample,  the  spectra  from  the 
N2  and  N2O/N2  plasma  treated  samples  showed 
additional  peaks. 

Four  types  of  surface  modifications  were 
Identified,  e.g.,  (1)  the  Incorporation  of  nitrogen, 

(11)  oxidation  of  GaAs,  (111)  removal  of  native  oxide 
layer  and  (iv)  formation  of  an  amorphous  Si  layer. 

Nitrogen  was  incorporated  only  during  N2  and 
NH3/N2  plasma  exposure.  Although,  the  extent  of 
nitrogen  incorporation  was  comparable  in  the  two 
cases,  the  chemistry  of  the  surface  layers  was 
different.  In  the  N2  only  plasma  treated  sample, 
three  As  peaks  with  chemical  shifts  of  4.6.  3.5  and 
2.2  eV  from  the  substrate  As  peak  were  detected 
(Fig.2).  The  first  two  peaks  were  identified  as  due  to 
AS2O5  and  AS2O3.  The  amplitude  of  the  third  peak 
Increased  with  Increasing  depth  of  analysis.  This  was 
interpreted  as  evidence  of  formation  of  As-N 
bonding  (e.g.,  AsN,  AsOxNy  or  GaAsOxNy)  near  the 
Interface.  The  Ga  3d  and  N  Is  spectral  features  also 
Indicated  formation  of  GaN,  Ga203.  GaOxNy  or 
GaAsOxNy  types  of  bonding. 

The  exposure  of  GaAs  to  the  NH3/N2  plasma 
caused  severe  depletion  of  As  from  the  surface.  The 
thickness  of  this  arsenic  depleted  region  extended 
well  beyond  the  analysis  depth  (>60A)  of  this  study. 
GaOxNy  and  Oa(OH)3  were  found  to  be  the  major 
constituents  of  the  surface  layer.  Arsenic,  detected  at 
the  Interface,  was  present  predominantly  as  GaAs 
with  only  a  small  amount  of  A52O3  . 

The  exposure  to  N2O/N2  plasma  resulted  in 
the  oxidat'on  of  GaAo.  The  presence  of  A02O3, 
and  GaAs04  at  the  oxlde/GaAs  Interface  were 
evidenced. 

The  NH4OH  treatment  prior  to  loading  the 
sample  in  the  plasma  chamber  produced  a  thin 
native  oxide  layer  containing  AS2O3  and  Ga2C>3  . 
Heating  the  sample  at  250°C  in  the  plasma  chamber 
In  vacuo  only  increased  the  thickness  of  the  native 
oxide  layer.  The  oxidized  surface  layers  inthese  cases 
were  found  '0  be  AS2O3  rich. 

Both  SIH4/Ar  and  Ar  plasma  exposure  virtually 
eliminated  the  native  oxide  layer.  An  amorphous 
silicon  surface  layer  was  formed  during  Sill4/Ai 
treatment. 

The  XPS  data  characterized  the  chemical 
nature  of  different  plasma  Induced  surface 
modifications  of  GaAs  surfaces.  These  results  will  be 
used  for  treatment  of  GaAs  surfaces  prior  to 
depositing  different  PECVD  dielectric  passivauon 
films  to  further  understanding  the  effects  of 
interface  modifications  on  device  performance. 
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Table-I:  Elemental  compositions  (at%)  of  GaAa  surfaces 
after  various  plasma  and  chemical  treatment. 


Peak#l . . . .GaAs 
Peak#?. . . .GaAs 

Pea»c#3 _ as-n 

Peak#4 - a^03 


NH4OH(l:10) 


NH4OH(l:  10),  45° 

250°C  bake  75° 


SlH4/Ar  45° 

plasma 
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EXTENDED  ABSTRACT 
INTRODUCTION 

The  development  of  appropriate  passi¬ 
vation  and/or  encapsulation  schemes 
for  III-V  compound  semiconductors 
is  of  considerable  Interest  for  appli¬ 
cation  to  integrated  circuit,  electro¬ 
optic,  and  high  speed  high  power  devi¬ 
ces.  III-V  semiconductors  require  low 
temperature  processing,  and  for  thic 
reason  plasma  deposited  silicon  nitri¬ 
de  films  have  been  used  extensively 
in  industry.  Unfortunately, 
plasma-enhanced  chemical  vapour  depo¬ 
sition  and  ultra  violet  chemical  va¬ 
pour  (PECVD  and  UVCVD  repec-i  vely) 
result  in  films  contaminated  by  hydro¬ 
gen,  which  can  degrade  device  perfor¬ 
mance  by  diffusion  into  the  substrate. 

An  alternative  approach  is  cathodic 
sputtering,  which  can  pioduce  hydrogen- 
free  silicon  nitride  at  low 
temperatures.  In  addition,  if  magne¬ 
tron  system  confinement  is  used  rather 
than  a  diode  system  configuration, 
then  lower  deposition  pressures  can  be 
used.  A  further  advantage  of  magnetron 
confinement  is  a  much  reduced  cathode 
plasma  potential,  leading  to  a  much 
reduced  flux  of  energetic  neutrals 
scattered  from  the  cathode.  The  abi¬ 
lity  to  use  lower  power  density  and 
absence  of  energetic  neutrals  reduce 
the  generation  of  defects  at  the 
film/substrate  interface. 


Magnetron  sputtering 
ly  attractive  method 
silicon  nitride  thin 


is  thus  a  potent  la L- 
for  production  of 
f 1 1ms  . 


The  objective  of  the  present  report  Is  to 
describe  the  preparation  and  properties 
of  silicon  nitride  films  deposited  on 
GaAs  substrates  by  reactive  sputtering  in 
an  R.F.  plasma  magnetron  apparatus.  We 
show  that  under  appropriate  conditions  the 
deposited  film  is  suitable  as  an  annea¬ 
ling  encapsulation. 


EXPERIMENTAL 

Silicon  nitride  films  were  deposited  at 
room  temperature  on  GaAs  semi -insu lat i ng 
(001)  substrates  in  a  13.56  MHz 
magnetron  ALCATEL  SCM  440  device.  For 
low  plasma  power  densities  (1.27  and  2.56 
W  cm-2),  magnetron  mode  with  pressures 
between  2.10“^  and  2.10“^  cbar  were  used 
with  equal  mass  flows  of  N2  and  Ar. 

Nuclear  reaction  analysis  (NRA )  was  used 
to  measure  the  atomic  composition  of  the 
films.  The  new  method  used  to  directly 
measure  the  relative  atomic  ratio  N/Si 
with  a  precision  of  between  1  and  2%  will 
be  described  in  detail  elsewhere  (1;. 
Oxygen  was  measured  by  ^0(d,pj)  method 
at  8iab“90o.  In  addition  to  NRA,  x-ray 
photoelectron  spectroscopy  (XPS)  and  el- 
lipsometry  were  used,  and  film  stress  and 
HF  dissolution  rates  were  measured. 

RESULTS 

The  results  given  in  table  1  show  a  clear 
correlation  between  the  plasma  power  den¬ 
sity  and  film  deposition  rate.  Film  com¬ 
position  determined  by  NRA  (coluras  6  and 
7)  and  the  XPS  measurements  (figure  1), 
suggest  that  the  lower  indices  measured 
by  elllpsometry  are  closely  tied  to  higher 
oxygen  contamination  in  the  films,  The 
stress  decreases  rapidly  with  oxygen  con¬ 
tamination  (figure  2).  These  results  show 
that  a  compromise  should  be  found  between 
oxygen  contamination  and  stress  ;  they  al¬ 
so  suggest  that  the  intermediate  deposi¬ 
tion  pressure  ('V7  10”^  mbar  in  our  ex¬ 
perimental  conditions)  must  be  chooser  to 
elaborate  ideal  films  for  GaAs  encapsu- 
lat ion . 


(1 ). I .VICKRIDGE,  to  be  submitted  to  NIM. 
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ABSTRACT . 

The  problem  of  this  paper  Is  to  construct  an 
original  system  of  the  partial  differential 
constitutive  state  equations  of  the  mathe¬ 
matical  model  of  the  distributed  parameters 
of  the  multicomponent  plasma  processing. 

INTRODUCTION. 

The  world  literature  containing  the  plasma 
questions  does  not  have  to  solved  the  problems 
of  both  kinetics  and  phenomenal  distributed 
parameter  modelling  of  the  plasma  processing 
specially  connected  with  the  multicomponent 
gas  pnase  fl— 3].  On  the  basis  of  the  reciprocal 
constant  Image  for  the  isotropic  and  aniso¬ 
tropic  nonhomogeneous  media  with  the  space 
and  time  memories  of  the  sourcer6J ,  the  defi  — 
r.lrion  of  the  following  derivative  and  the 
partial  differential  equation  of  the  contin¬ 
uity  for  every  state  variable  of  the  multi¬ 
component  plasma  processing[_7 J,  an  original 
system  of  the  oartial  differential  constituti¬ 
ve  state  equations  has  been  deduced.  This 
approach  Js  connected  to  the  INPUT— «6 OUR C&-^ 
^PLASMA  PROCESSING -^OUTPUT  interpretation  of 
the  appearance  and  the  existence  of  the  mul¬ 
ticomponent  plasma [_8J. 

THE  LOCALLY  DISTRIBUTED  PARAMETERS  OF  THE 
MULTICOMPONENT  PLASMA  PROCESSING. 

We  need  to  introduce  the  definition 
DEFINITION  1.  For  every  processing  point 
y  »y  »*  »*  )  of  the  multicomponent  plasma  ex¬ 
ists  the  locally  selected  volume— time  element 
x  having  cuboidal  shape  for  which 
is'  ,y  >z;xf uif  iliac  relation 
P(  x  ,v  ,z  ,t  )6§^x  y  z)%  6  where: 

the_r)ftlnt  P(x,y,7.,t)  is  the  geometric  centWW 
of  3?fx  v  7 ) t •  C?Ht-rhe  working  space  vol¬ 
ume— time  *  'of  the  plasma  apparatusj 
As  a  consequence  of  the  introduce  of  this 
point  of  view  we  have:* 

DEFINITION  2.  For  the  constant  coordinates 
point  ?(  x  ,  y  ,  z  ,  t )  exists  In D5?nt  ,  the  variable 
coordinates  point  ,<£73, ¥)  assuring  the 
reciprocal  relation  of  the  physical  phenom¬ 
enon  and  its  sourcej 

Making  use  of  all  known  physical  phenomena 
of  the  multicomponent  plaame  processing  in 
the  way  of  above  definitions  is  deduced  the 
mathematical  model  of  the  distributed 
parameters  of  the  multicomponent  plasma  pro¬ 
cessing,  of  the  electrons  and  ions  aspects. 

THE  PARTIAL  DIFFERENTIAL  CONSTITUTIVE  STATE 
EQUATIONS  DESCRIBING  THE  MULTICOMPONENT 
PLASMA  PROCESSING. 

From  the  kinetics  and  phenomenal  analysis  of 
the  multicomponent  plasma  processing  we  have 
its  description: 

Dt2j^,qDu,i)V2cC8,i)±c^.i)<ll7J(«A)  * 
+^T^*i1)rV  W)r  1 


'  '2) 

•  vd°w>  V2" 


•V\l)r± 


Ve.Dr^e.Dr- 


c(.,l)T5^-  ic(MAo,l)dlviU 


-V/.  .'grsd  ortsum  If  adequate  gradient 
ut  or  .  operations)  r?1 

and  the  constitutive  invariance  can  L  Jbe 
proved  from  the  condition  D  j“7*|  ^  th# 

constant  end  variable  coefficients  |9T. 
CONCLUSIONS. 

The  deduced  mathematical  model  contains  the 
very  Hide  class  of  the  problems  of  the 
Identification  and  control  of  the  multicom¬ 
ponent  plasma. 

NOTATION. 

For :r— components ,1— part lal  processings,;^— 

; elect rons/lons) ,C,  ^-concentration  Kg/m?, 


tage2V,T(  .  - 


a _,(t)  N  .rr.efficlenthtD,  ,-dlffusfftn  m  As, 
?[e.llf”r0:*1duct ivl  tv  kg/mVsS  >  Jip-'hermlc 
—diffusion  kg/m°Ks,c,  ,T-specrr1c  heet 
j/Fg°K,  Op— active  voluWS  %  ... -heat 

transfer  t'w/m0K,JrY  -diffusion  '  ’  ‘“heat 
transfer  WmVkg,  ux-elftctric  cur¬ 
rent  heat  transfer  W/ mV ,  ’  '  <*  voltage 

electric  current  density  A/V s ,  *  ^ — 

electric  current  by  temperature 
gradient  A/°Ks , , x  -elactric  current  by 
concentrat ion  graJftenT  AmVkgs.qwn  voltages: 
(L.  .x  — e] metric  current  V , ^  -of  t enrJ ' 
perhtare  V,Ur(  .  \  -of  concentrRtr on 
-  coeff  icl  ent'®*  'of  Aynamic  v  is  cos  ity 
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REMARK. 

The  locally  selected  volume— time  element 
is  phenomenally  closed,  so 
^*1*  »y  »7^thnt  the  influences  of  every 
Dhenomenon  on  the  state  vector  In  the 
point  i\x,y,z,t)  can  be  treated  in  the 
separate  way  [7j. 


Abstract  No.  307 

ON  THE  CONSTITUTIVE  DISTRIBUTED  PARAMETER 
MODELLING  FOR  PHENOMENAL  CONTROL  OF  THE  MUL¬ 
TICOMPONENT  PLASMA  PROCESSING. 

PART  II.  THE  ANALYTICAL  SOLUTION  AND  CONTROL 
INTERPRETATION  OF  THE  CONSTITUTIVE 
MATHEMATICAL  MODEL  OF  THE  MULTICOM¬ 
PONENT  PLASMA  PROCESSING. 

Vaclav  NIEMIKC 

Mathematical  Modelling  and  Control  for 
Distributed  Parameter  Systems,  Silesian 
Technical  University,  Ul.  Barska  33,  PL— 33- 
300  Nowy  S^ez ,  Poland. 

ABSTRACT 


The  article  is  devoted  to  the  analytical 
solution  of  system  (I)  being  deduced  in  the 
PART  I  of  '•'he  paper  and  its  interpretation 
from  the  point  of  view  of  the  distributed 
parameter  control  theory.  Two  cases  of  this 
solution  have  been  considered: 

A^— the  existence  of  the  initial  conditions, 
B°— the  existence  of  the  initial  and  boundary 
conditions, 

for  the  composite  phenomenal  solutions. 
INTRODUCTION. 


In  the  aim  of  this  part  we  need  to  solve 
the  deduced  in  the  Part  I[1 J  ,  the  system  of 
the  partial  differential  constitutive  state 
equations  (I).  The  solution  can  contain  two 
cases:  A— the  existence  of  the  initial  con¬ 
ditions,  B°-the  existence  of  the  initial  and 
boundary  conditions.  The  Drocedure  of  the 
solution  of  the  system  (I)  has  t.he  operations: 
1°.  The  modification  to  the  source  system 
of  the  time  ordinary  differential  equa¬ 
tions  , in  every  point  PIx,y,z,t). 

2°.  The  disposition  of  the  homogeneous  part; 
of  the  system  CD  Tor  the  systems  of[2j: 
a/the  partial  differential  equations  of 
the  potential  fields, 
b/t-he  partial  differential  equations  of 
the  rotational  field  /velocity  vector/ 
3°.  The  separation  of  the  single  phenomena 
from  the  system  (.2°. a). 

a  .  The  analytical  solutions  of  the  phenomenal 
Dartial  differential  Aquations  from  the 
systems  (2°. a)  and  (2  °.b)  for  the  cases 
A6  and  B. 

5°.  The  summation  of  the  effects  of  the  phe¬ 
nomenal  partial  differential  equations 
C  2°  .a)-K  2°  .b  )K  1° ) ,  pertinent  to  the 
state  variables  [?J,L3J. 

The  discussion  of  the  obtained  results  of  the 
solution  of  the  system  CD  for  the  phenomenal 
control  has  been  suggested  LaJ. 


THE  SOLUTION  OF  THE  SYSTEM  (  I). 

The  point!0.  In  every  point  P(x,y,z,t)  the 
system  {  l)  gets  its.  new  time  form: 
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modulus  of  eq.(a)  to  eq.(S)  —  the  possibility 
of  the  inverse  processing. 
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The  point  3  .  The  separation  of  the  single 

phenomena  Is  connected  to  thp  ideal  media, 

so  that  consequently  only  one  coefficient  is 
assumed  as  different  than  zero,  but  others  are 
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The  point  4°.  For  every  state  variable  and 
every  physical  phenomenon  with  its  source 
function ,  t.he  following  relation  is  fulfilled 

W^P,t)  mS  GLP,tiU^C,)m3U^d'^Hd2Rd3Hd^ 
where:  R  W^P.t)— the  resultant  static  *D 

variable,  Gl.  P,t  the  phenomenal  Green 

function  ,  m  the  phenomenal  source 

function.  For  the  cases  A°  and  B°  important 
role  play  the  phenomenal  Green  functions  and 
their  pro  parties  Q5— 3]  . 

The  point  5°.  For  every  state  variable"^- ^ 


assured  the  summation  of: 


V _ .  ♦  W„  .  by:  W  — the  complete 

c  s  pot .  rot .  J  c  0K 

solut  ion  ,W  — the  source  ,W,.-the  point  2  .a, 

*rot.-the  ^olmt  ?  -b-  P 

CONCLUSIONS. 

Tha  above  analysis  allows  to  consider  for"!" 
INPOT-WOURCfr— PLASMA  PROCSSSIWUMOTPOT 
fepriEMoHaMAl  &ISTRIBWM.  I 
PARAMETER  CONTROLLER  T 
for  the  distributed  parameter  control  theory 
NOTATION.  See  Part.  I.  [1J.  [<*] 
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Electromigration  in  Submicron  Interconnects 
and  Multilevel  Interconnection 
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Yorktown  Heights,  N.Y.  10598 

Multilevel  interconnection  usually  consists  of  metal  lines 
of  different  lengths,  widths  and  thicknesses,  and  contains  ge¬ 
ometrical  structures  such  as  bends,  studs  and  vias.  It  is  neces¬ 
sary  to  study  the  effects  of  metal  line  length,  width  and 
thickness,  and  these  geometrical  structures  on  electromigration 
resistance  in  order  to  determine  the  maximum  current  densities 
allowable  in  interconnects.  Moreover,  the  linewidth  of  inter¬ 
connects  is  shrinking  into  the  submicron  range  to  improve  cir¬ 
cuitry  density  and  speed  performance.  With  the  projected  high 
current  density  in  subir.icron  metal  lines  and  current  crowding 
in  these  geometrical  structures,  there  is  increasing  reliability 
concerns  of  electromigraton-induced  failures  in  VLSI  multilevel 
interconnection.  A  number  of  studies  on  linelength  n  3)  and 
linewidth  (M_8)  dependence  of  electromigration  lifetime  in  metal 
lines  wider  than  1 .0  pm  have  been  reported.  This  paper  sum¬ 
marizes  our  results  on  the  dependence  of  electi emigration  life¬ 
time  on  linelength,  linewidth,  film  thickness  and  number  of 
bends  in  submicron  metal  lines.  The  effects  of  current  crowd¬ 
ing  and  local  heating  in  studs  and  vias  on  electromigration  re¬ 
sistance  in  multilevel  interconnection  are  also  discussed. 

Several  metal  line  testsites  of  different  line  lengths  and 
widths,  and  with  or  without  bends  were  designed  for 
electromigration  lifetime  measurements.  Testsite  patterns  were 
generated  by  electron-beam  lithography  and  samples  were  fab¬ 
ricated  using  lift-off  technique.  Different  thicknesses  of  A1  or 
AI-4wl.%Cu  films  were  deposited  on  the  substrate  by  evapo¬ 
ration  from  RF  induction  of  A1  or  Al-Cu  alloy  sources,  respec¬ 
tively.  Patterned  wafers  were  passivated  with  6.5  pm  sputtered 
quartz.  Data  on  voltage  and  current  measurements  of  each  test 
stripe  was  taken  every  15  or  30  minutes  until  the  test  stripe 
failed  either  by  void-open  or  extrusion-short.  Microstructure 
studies  on  these  metal  lines  were  carried  out  by  transmission 
electron  microscopy  (TEM). 

The  electromigration  lifetime  of  Al-Cu  submicron  lines,  10 
to  500  pm  in  length,  have  been  measured  under  a  current 
stressing  of  2.5  MA/cm2  at  2270C.,‘',  The  lifetime  was  found 
to  decrease  with  increasing  linelength  from  10  to  50  pm  and 
then  level  off  between  50  to  500  pm.  The  insensitivity  of  life¬ 
time  to  linelength  for  length  greater  than  50  pm  can  be  under¬ 
stood  by  assuming  that  electromigralion-induced  failure  in 
these  metal  lines  is  caused  by  intrinsic  defects.  The 
electromigration  lifetime  of  A1  and  Al-Cu  lines,  0.5  to  2.0  pm 
in  width,  have  also  been  measured  under  a  current  stressing  of 
1  MA/cm?  at  182°C.nm  The  lifetime  was  found  to  decrease 
with  decreasing  linewidth  and  then  increase  beneath  a  critical 
width.  The  critical  width  was  found  to  lie  between  0.625  and 
2.0  (i/7i  for  film  thickness  ranging  from  0.35  to  0.9  pm.  The 
grain  structure  was  found  to  approach  a  bamboo  structure  in 
those  submicron  metal  lines  with  linewidth  comparable  to  or 
smaller  than  film  thickness. <m  These  submicron  metal  lines 
were  also  found  to  have  longer  lifetime  than  other  metal 
lines. ,l?l  The  effects  of  linewidth  and  film  thickness  on  lifetime 


can  thus  be  correlated  with  grain  size  and  grain  morphology  in 
these  metal  lines. 

Electromigration  lifetime  measurements  on  Al-Cu 
submicron  bend  lines  were  carried  out  under  a  current  stressing 
of  2.0  MA/cm?  at  162°C. ,9>  Each  Al-Cu  submicron  line  con¬ 
tains  12  to  96  horizontal  bends  with  separation  between  adja¬ 
cent  bends  ranging  from  80  to  10  pm.  The  lifetime  was  found 
to  decrease  linearly  with  increasing  number  of  bends  at  a  rate 
of  0.4%  per  bend.  No  dramatic  changes  in  grain  structure  from 
the  straight  line  portion  to  the  bend  structure  in  these 
submicron  lines  were  observed.  Current  density  distributions 
in  studs  and  vias  have  been  calculated  by  finite  element 
method. (,3)  Our  results  revealed  the  presence  of  two  current 
density  peaks  in  a  vertical  bend  structure  (stud).  Their  magni¬ 
tudes  were  found  to  be  two  limes  the  average  current  density. 
The  high  current  density  peak  and  the  associated  flux  diver¬ 
gence  in  the  bend  structure  can  account  for  the  observed  de- 
ciease  in  electromigration  resistance  in  metal  lines  with  bend 
structures.  Our  data  also  indicated  that  current  density  peak  in 
studs  increases  with  decreasing  stud  width  and  increasing  as¬ 
pect  ratio  or  metal  line  thickness.  The  rate  of  increase  is  faster 
for  submicron  lines  than  for  wider  lines.  Current  density  peak 
in  the  via  step  region  was  also  found  to  increase  with  increasing 
step  angle. 

In  conclusion,  the  stud  width  and  its  ratio  to  metal  line 
thickness  are  dominant  (actors  in  controlling  the  extent  of  cur¬ 
rent  crowding  and  electromigration  resistance.  As  multilevel 
interconnection  consists  of  metal  lines  of  different  geometry 
and  with  different  numbers  of  bends,  when  one  defines  the 
maximum  current  density  allowable  in  interconnects,  one 
should  consider  the  weakest  metal  line  geometry  with  the  larg¬ 
est  number  of  bends. 
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INTRODUCTION 

Al/Cu  alloys  are  not  universally  used  in  metallisation,  due  largely 
to  difficulties  in  dry  pattern  definition.  However,  they  have  been 
widely  used  in  applications  where  high  current  density  and/or 
high  operating  temperature  give  Al  and  Al/Si  an  inadequate  life  to 
electromigration  failure.  Although  Median  Time  to  Failure  (MTF) 
data  suggest  AI/4%Cu  to  be  adequate  for  these  applications,  the 
very  large  number  of  current-carrying  tracks  in  ULSI  demands 
that  the  very  early  part  of  the  failure  distribution  be  taken  into 
account,  making  the  slope  as  important  as  the  mean.  The  track 
microslucture,  which  may  be  constrained  by  process  or 
equipment  considerations,  has  a  very  large  effect  on  both  MTF  and 
slope  (1,2).  In  narrow  lines  (1-2pm),  several  researchers 
[2,3,4]  have  observed  increased  MTF,  but  recent  lifetest  data  at 
various  linewidths  [5]  has  shown  a  corresponding  increase  in 
spread,  with  overall  adverse  effect  upon  time  to  early  failures. 
Hence  it  is  desirable  not  so  much  that  MTF  be  increased  as  that  the 
failure  distribution  be  tight,  corresponding  to  a  very  low  initial 
failure  rate,  rapidly  increasing  near  the  MTF. 

Recently  a  number  of  researchers  [6,7]  have  reported  dramatic 
improvements  In  MTF  compared  to  Al/Cu  alloys,  using  multi¬ 
layered  films.  However,  some  such  structures  [6]  may  be 
unnecessarily  complex  -  and  hence  difficult  or  time-consuming  to 
produce  in  a  production  environment,  particularly  using 
pipelined  single  wafer  sputterers.  The  present  need  is  for  a 
tighter  failure  distribution  with  the  minimum  additional 
complexity. 


EXPERIMENT 

The  use  of  a  silicon  free  alloy  demands  a  barrier  material  between 
it  and  the  Si  substrate  at  contacts  -  a  sputtered  refract  <y 
underlayer  such  as  TiW  has  been  widely  used.  A  capping  layer 
may  be  useful  to  suppress  thermal  hillocks  and  to  reduce 
reflection  during  photolithography.  Thus  with  three  layers  the 
process  complexity  is  not  Increased  purely  for  the  sake  of 
electromigration  resistance,  particularly  If  TiW  is  the  cap,  so 
that  only  one  extra  material  is  required.  However,  also  within  the 
three-layer  maximum  are  films  similar  to  those  reported  by 
Shen  [7],  using  a  thin  Ti  cap.  Adding  Al/Cu  and  TiW  +  AlCu 
controls,  the  range  of  films  selected  for  the  current  evaluation  is 
shown  in  table  1.  The  film  cross-section  is  shown  In  figure  1. 

All  depositions  were  performed  using  a  Varian  3180  sputterer, 
without  vacuum  break  or  RF  etch  between  layers.  The  test  vehicle 
used  for  lifetest  was  close  to  that  recommended  by  Shaft  [8],  being 
3.5pm  wide  by  1750pm  long,  with  voltage  taps  at  each  end. 
Films  were  on  0.5pm  thermal  Si02  and  were  unpassivated.  Track 
temperature  was  measured  using  both  temperature  coefficient  of 
resistance  and  thermocouples  in  contact  with  the  base  of  the 
package. 

The  lifetest  was  run  at  189degC,  106A/cm2,  and  films  with  AlCu 
alone  failed  with  MTF  -  980  hours.  After  3000  hours,  none  of 
the  films  on  TiW  had  failed,  so  current  density  was  increased 
fourfold,  with  resultant  temperature  increase  by  Joule  heating  to 
2l6degC.  All  samples  failed  within  a  few  hundred  hours  at  the 
higher  stress,  except  the  thin  Ti-capped  films  which  mostly 
lasted  beyond  the  2000  hour  duration  of  the  higher  stress  test. 


Failure  times  are  summarised  in  table  1 ,  showing  MTF  and  times 
to  2%  failures  (T2F).  The  Al/Cu  figures  in  brackets  have  been 
converted  to  the  higher  stress  for  comparison,  as  has  the  3000 
hours  at  the  lower  stress  which  all  other  films  received,  using 
Ea-0.7eV  and  n-2  in  the  empirical  Black  model  [9].  The  12-fold 
increase  in  MTF  of  the  combination  films  over  Al/Cu  is  evident, 
but  of  greater  interest  is  the  effect  on  spread  -  evident  in  the 
ratio  MTF/T2F.  The  provision  of  an  underlayer  and  the  provision 
and  thickening  of  a  cap  progressively  reduce  the  spread,  through 
the  protection  of  damaged  sections  or  sections  having  particularly 
adverse  tocai  grain  boundary  configurations.  See  figure  2. 

The  reason  for  the  very  long  life  of  the  Ti-capped  films  is  not 
clear,  though  a  change  in  Jailure  mode  Is  evident  from  the  form  of 
the  damage  in  figure  3  (cf.  figure  2  -  TiW  cap).  AES  profiles 
suggest  that  the  Ti  caps  are  mainly  oxidised. 

Some  whisker  growth  (figure  2)  was  seen  on  all  combination 
films  after  lifetest,  but  SEM  examination  of  a  further  lifetest  at 
the  higher  stress,  terminated  after  only  286  hours,  suggests  that 
these  mainly  grew  after  the  time  to  20%  resistance  increase,  as 
current  continued  to  flow  considerably  longer.  The  thin  Ti  cap 
delayed  whisker  growth,  as  no  whiskers  were  seen  on  Ti-capped 
films  after  286  hours. 


CONCLUSIONS 

1.  In  narrow  tracks  with  grain  size  a  significant  proportion  of 
trackwidth,  early  failures  due  to  adverse  local  configuration 
may  limit  operation  of  Al/Cu  metallisation  in  VLSI  to 
commercial  temperatures  unless  it  is  shunted  and/or  capped  by 
a  refractory  layer. 

2.  A  0.2y.m  TiW  layer  under  0.5pm  Al/Cu  increases  MTF  by  7x. 
and  time  to  2%  failures  (T2F)  by  40x.  Addition  and  thickening 
of  a  TiW  cap  progressively  t'tgbxens  the  failure  distribution, 
causing  improved  MTF  without  effecting  MTF. 

3  The  growth  of  long  regular  whiskers  determine  usable  life  of 
Al/Cu  films  shunted  with  TiW,  though  life  remains  far  in 
excess  of  Al/Cu  alone. 

4.  A  thin  partly  oxidised  Ti  cap  greatly  enhances  life  to  open 
circuit  failure,  inhibits  resistance  increase  and  delays  onset  of 
whisker  growth. 

5.  The  statistical  significance  of  large  numbers  of  tracks  within  a 
VLSI  ASIC  demands  a  very  tight  failure  distribution.  In  the 
absence  of  quantitative  data  on  Ti-capped  films,  the  film  tested 
which  best  meets  this  requirement  is  TiW+AICu+TiW(.l5pm). 
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AI/4%Cu 


-  TiW  or  Ti  cap 


TiW  underlayer 


Figure  1 :  Structure  evaluated 
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Table  1:  Failure  times  (hours)  for  AI/4%Cu  w.th 
refractory  underlayer  and  caps. 
216degC,  4E6  A/cm2 


Figure  2.  TiW  +  AlCu  +  TiW  (,15pm)  after 

3000  hours  (216degC,  4x106A/cm2) 


Figure  3.  TiW  +  AlCu  +  Ti  after 

3000  hours  (216degC.  4x106A/cm2) 
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INTRODUCTION  Sputtered  aluminum-silicon  (Al-Si)  conductor 
lines  fail  at  high  temperatures  under  the  mechanical  stress 
of  the  overlaid  intermetai  insulator  and/or  passivation  film 
without  current  stress  [1],  Especially  in  multi-layer 
technologies,  the  lower  metal  lines  «c3  a  greater  stress  from 
the  over  l.i  id  insulators  including  th-  intermetal  SiOz  film. 

While  electro-migration  failures  .  in  be  often  avoided  by 
proper  layout,  stress  induced  migration  limits  allowable 
widths  of  metal  lines.  It  affects  chip  size,  and  gives  an 
essentul,  physical  limit  to  multi-layer  metal  systems. 

We  have  developed  a  technique  to  evaluate  stress  induced 
migration  by  using  a  test  site,  and  successfully  applied  it 
to  study  the  process  parameters  affecting  conductor  life,  and 
to  advise  techniques  to  improve  metal  reliability. 

SAMPLE  &  MEASUREMENT  Metal  is  sputtered  onto  substrates 
with  thermal -SiO*  (or  PS6)  on  silicon,  and  photo-etched. 

Metal  length  is  typically  1.0-1. 4m.  A  passivation  layer  of  Sp 
-SiOj/p-SiN,  p-Si0/S0G/p-Si(),  or  p-SiN/PSG  is  deposited  on 
top  of  the  metal  (Sp=  Sputtered,  p=  Plasma).  H,  or  N*  anneal 
is  made  before  the  storage  test.  Standard  anneal  condition 
is  450-475tV30min  ♦  normal  cooling  rate. 

Poly-Si  ♦  isolation  steps  with  PSG  overcoat  are  used  as 
substrates  when  step  enhanced  failures  are  to  be  tested. 

In  the  storage  test,  metal  resistance  is  first  measured 
at  the  room  temperature  of  all  test  chips  in  a  wafer.  Wafers 
are  then  stored  in  an  oven  at  1 25-300NC .  No  current  stress 
is  applied.  Metal  resistance  is  monitored  at  the  room 
temperature  at  intervals.  Metal  open  is  defined  by  10MQ. 

INFLUENCING FACTORS  Stress  induced  migration  of  aluminum 

depends  essentially  on  (1)  metal  quality,  (2)  metal  dimensions, 
(3)  overlaid  insulator,  (4)  annealing  conditions,  and  (5) 
storage  temperature.  Also,  steps  in  the  substrate  affect  the 
metal  life. 

N*  inclusion  during  the  metal  deposition  [2]  makes 
aluminum  so  hard  and  brittle,  and  failures  are  greatly 
accelerated  (Fig.  1).  Failures  at  steps  are  found  dependent 
on  silicon  content  [3]  in  Al-Si  (Table  I).  The  following 
experiments  are  made  by  using  N*-frcc  aluminum  with  moderate 
-ly  low  Si  content  of  1.0-1.52. 

The  key  factor  of  the  stress  induced  migration  is  the 
overlaid  insulator.  The  use  of  Sp-SiO,  or  p-SiO  is  found  to 
affect  the  metal  reliability  greatly  (compare  Figs.  1  and  2). 
Our  experiments  are  made  mainly  by  using  Sp-SiO,  or  p-SiO  as 
overcoat.  Using  our  standard  p-SiN  passivation  results  in 
much  fewer  failures. 

Temperature  and  cooling  rate  of  anneal  after  passivation 
are  important  factors  affecting  reliability.  Especially, 
very  slow  cooling  from  TS450T3  makes  many  wedge-shaped  voids 
like  those  reported  for  high  stress  p-SiN  [4]  and  degrades 
metal  reliability.  Under  normal  annealing/cooling  conditions, 
higher  the  annealing  temperature,  normally  larger  the  S.I.M. 
failure  rate. 

The  use  of  Sp-SiO,  or  p-SiO  increases  wedge-shaped  voids 
along  the  metal  side  edge  after  a  long  period  of  storage  test, 
and  there  is  no  doubt  that  the  reliability  is  affected,  with 
stress  apparently  playing  an  essential  role.  From  the 
comparison  of  the  three  materials,  Sp-SiO*,  p-SiO,  and  p-SiN, 
however,  no  clear  correlation  is  found  between  failure  rate 
and  film  stress  as  monitored  by  wafer  bend.  Detailed  study 
of  microscopic  insulator  properties  seems  to  be  needed. 

Steep  steps  in  the  substrate  enhance  stress  and  increase 
failures  (Table  I).  However,  the  use  of  planarization 
techniques  such  as  glass  flow,  DPSG  and  SOG  effectively 
reduces  step  accelerated  failures. 

COUNTERMEASURES  The  conductor  life  is  improved  by  adding 
copper  (Cu)  to  A I -Si  (Fig.  2)  [I,  4],  Cu  is  already  known  to 
improve  metal  life  against  electro-migration.  This  suggests 
that  grain  boundaries  are  a  place  to  fail.  The  difference  is 
that  the  "bamboo"  structure  may  be  good  against  electro 


-migration,  but  not  necessarily  against  S.I.M.  Addition  of 
palladium  (Pd)  to  Al-Si  shows  a  similar  (normal  cool)  or  much 
better  (slow  cool)  improveoent  (rig.  3).  On  the  contrary, 
addition  of  titanium  (Ti)  resulted  in  very  poor  reliability. 

The  layered  structures  of  AlCuSi  and  HoS i t  show  much 
longer  conductor  life  (Fig.  3).  However,  many  wedge-shaped 
voids,  though  not  fatal,  are  observed  along  the  AlCuSi  lines 
after  a  long  period  of  stress.  This  probably  suggests  a 
sophisticated  mechanism:  the  aluminum  life  may  not  be 
improved  essentially  by  the  use  of  MoSi2 ,  but  NoSi*  probably 
forms  on  electrically  conducting  bridge  where  aluminum  fails. 

To  reduce  S.I.M.  failures,  controlling  the  film 
properties  of  overlaid  insulators  must  be  an  important 
solution  to  be  pursued.  We  have  not  yet  found  good  means  to 
do  so,  however,  because  the  oxide  deposition  conditions  are 
determined  by  taking  many  other  requirements  for  intermetal 
insulators  into  considerat ion. 

T0LERAB1J*  METAL  WIDTH  The  metal  life  without  steps  is 
dependent  on  metal  dimensions  (width  W,  U  ickness  T)  and 
the  temperature  T  by 

ro»  W  n'-T  "* -cipOiaAT) 
where,  parameters  are  experimentally  given  by 
n,  -  3.2,  n2=  2.8,  and  Ea=  0.6  eV  (T^200*C) 

for  AlCu(0.52)Si  with  Sp-SiO*  passivation  (Figs.  4,  5,  and  6). 

These  values  are  different  from  those  obtained  by  Al-Si 
with  p-SiN  passivation  [4]  suggesting  different  failure 
mechanisms  dependent  on  insulators. 

By  extraporation  from  the  test  data,  the  minimum 
allowable  line  width  of  Al-Si  to  assure  100  fit  at  70°C  in  10 
years  is  3. 2 /am  (T=  800nm)  for  the  metal  length  of  L=  5mm 
using  p-SiO  or  Sp-SiO*  passivation  (Fig.  7).  Narrower  metal 
lines  can  be  used  only  if  p-S\N  is  used  as  the  overlaid  layer, 
or  in  case  the  metal  length  is  much  smaller. 

In  case  of  Al-Cu(0.52)-Si,  the  minimum  allowable  line 
width  is  1.3-1. 6/am  (T=  500nm,  L=  5-10m)  by  the  same 
criterion. 

This  indicates  that  sub-micron  LSIs  need  new  metal 
systems  where  multi-layer  technologies  using  p-SiO  are  a  norm 
in  many  categories  of  products.  Layered  structures  are 
important  candidates  for  this  purpose.  The  metal  life  of  the 
layered  structures  using  MoSi*  is  found  well  below  1pm, 
although  not  clearly  identified  yet  due  to  insuf f icicnce  <>f 
test  time. 

DISCUSSION  ON  LAYERED  STRUCTURES  To  make  the  local 
resistance  of  the  bridging  NoSi*  low  enough  where  aluminum  is 
open,  it  is  desirable  to  make  it  thick  enough.  Replacing  it 
with  such  low  resistivity  materials  os  TiW  or  TiN  will  also 
help.  The  power  density  in  aluminum  with  resistivity  p(Al) 
under  the  current  density  J  is  given  by 
P0=  p(A1)*J\ 

After  the  aluminum  opens  leaving  a  NoSi*  (or  any  other 
material  with  resistivity  p  (M))  bridge,  the  power  density  at 
the  bridge  is  given  by 

P=  P  (M)*[T(Al)/T(M)]1*Ji 
and  so  the  ratio  is  given  by 

R=  P/P.=  [  p  (H)/  p  (Al)MT  UD/T  003* . 

It  is  important  to  moke  R  small.  Otherwise,  the  bridge  is 
heated  locally  so  as  to  melt  near-by  aluminum  to  accelerate 
degradation  of  the  metal  system  [5]. 
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INTRODUCTION 

In  the  last  four  years,  there  has  been  interest  [1.2,3]  in  the  use 
of  Al/Si/Ti  alloys  as  an  alternative  to  AI/SI  and  AVCu/Si  alloys. 
However,  this  has  generally  been  from  the  stand-point  of 
requiring  improved  life  over  Al/Si.  without  incurring  the 
complications  associated  with  addition  of  Cu.  Fischer  [1,2] 
compares  Al/Si  and  AI/Si/TI,  showing  15x  increase  in  Median 
Time  to  Failure  (MTF)  for  the  latter  under  stress  test.  But  this 
remains  far  short  of  the  Al/Cu  performance.  Furthermore,  the 
alloys  reported  have  all  included  about  1%  Si  as  they  have  their 
origin  before  the  wide  acceptance  of  barrier  metallisation 
schemes.  This  level  of  Si  is  no  longer  desirable  as  it  leads  to 
precipitation  Incompatible  with  1pm  sized  contacts.  Can  the  Si 
content  be  reduced  or  even  omitted?  Several  observations  have 
been  reported  [3.4]  implying  interactions  between  Ti  and  Si. 
which  might  suggest  film  instability  it  Si  were  omitted. 


EXPERIMENT 

In  the  current  work,  an  array  of  eight  Al/Ti  and  Al/Si/Ti  alloys 
(4x2)  were  deposited  by  co-sputtering:  Si  0,  0.2,  0.5.  1%;  Ti 
0.2,  1.0%.  These  were  compared  to  Al/Cu  and  Al/Cu/Si  from 
composite  targets.  All  films  were  deposited  on  0.5pm  thermal 
SiC>2. 

Before  lifetesting,  films  were  assessed  for  dry  etchabilify.  Si 
precipitate  formation  and  thermal  hillock  formation.  Using  an 
AME  8131  batch  etcher  and  BCI3/CI2  mixture,  the  etch  rate  of 
Al/Si/Ti  was  lower  than  for  Al/Cu/Si.  but  uniformity  was 
improved,  requiring  less  overetch.  No  post-etch  corrosion  was 
seen  on  any  Al/Si/Ti  wafers,  whereas  both  Cu-containing  controls 
showed  corrosion  on  some  wafers.  Si  precipitates  were  counted 
using  dark  field  illumination:  table  1  shows  data  normalised  per 
25K  vias.  SEM  examination  of  thermal  hillocks  after  cycling 
between  room  temperature  and  450degC  revealed  evidence  of  a  bi- 
rrodal  distribution  in  hillock  size,  particularly  for  AI/4%Cu; 
hillocks  were  either  >4pm  or  <ipm  wide  (and  generally  as  high). 
Table  1  shows  density  per  bond  pad  (.02mm2)  for  both  large  and 
small  hillocks. 

Independent  lifetests  were  performed  at  two  sites  for 
corroboration.  Acceleration  conditions  were  200degC, 
2x10®A/cm2.  The  structure  chosen  for  the  lifetest  was  close  to 
that  recommended  by  Schafft  [4],  being  1mm  long,  without 
corners,  and  4pm  wide.  Voltage  probe  points  were  provided  at 
each  end. 

Failure  limes  (Log-Normal  model)  are  shown  in  tables  2  (site  A) 
and  3  (site  B).  The  tables  show  open-circuit  MTF  and,  where 
applicable,  MTF  for  20%  increase  In  resistance  (dR).  The  factor 
of  about  2  between  the  lifetimes  at  the  two  sites  is  explained  in 
part  by  different  processed  linewidths  and  linewidth  measurement 
techniques.  Most  Ti-containlng  alloys  have  much  shorter  MTF 
than  Al/Cu  or  Al/Cu/Si.  Addition  of  Si  progressively  degrades 
MTF,  giving  AI/1%Si/0.2%Ti  a  MTF  less  than  a  tenth  that  of 
Af/4%Cu.  The  t%Ti  alloys  generally  had  longer  open-circuit 
MTF  than  the  0.2%Ti  alloys,  but  all  suffered  large  resistance 
increases  (figure  1),  resulting  In  times  to  20%  dR  similar  to 
their  0.2%Tl  counterparts.  The  nominal  Al/0.2%TI  alloy 
(omitted  from  site  B  data)  was  later  found  to  have  approx.  0.8%Ti 
-  hence  the  20%  dR  MTF  in  table  2. 


Observation  by  SEM  of  failed  samples  revealed  long  whiskers 
(figure  2)  on  samples  with  high  Ti  content  (including  the 
AI/0.2%(0.8%)Ti),  but  not  on  any  other  alloys  (figure  3).  Thus 
there  appears  to  be  a  connection  between  whisker  growth  and  large 
resistance  increases.  In  a  follow-up  test,  samples  were  removed 
at  regular  intervals.  In  the  zero-Si  alloys,  having  the  best  MTF 
performance  in  the  matrix,  whiskers  were  seen  after  only  5%  of 
the  open  circuit  MTF  -  12%  of  the  resistance  increase  MTF. 


DISCUSSION 

The  tendency  toward  whisker  growth  associated  with  high  Ti 
content  is  unfortunate  in  view  of  the  reported  [3]  increased 
activation  energy  with  Ti  content  greater  than  0.6-0. 8%.  Towner 
[3]  has  observed  that  the  required  microstructurai  changes  for 
increased  activation  energy  only  occur  in  the  ternary  case  -  with 
1%  Si  also.  Unfortunately,  the  evidence  in  table  1  suggests  0.2% 
Si  to  be  the  critical  level  with  regard  to  Si  precipitation.  Above 
this  level,  the  number  of  precipitates  increases  very  rapidly  with 
Si  content,  and  even  the  level  seen  with  0.2%Si  could  constitute  a 
yield  hazard. 

The  clear  tendency  seen  in  table  1  for  Al/Cu  and  Al/Cu/Si  films  to 
produce  a  lower  overall  thermal  hillock  density  but  a  larger 
number  of  very  large  hillocks  may  give  cause  for  concern. 
Depending  on  dielectric  material  and  thickness,  this  may  cause  a 
greater  short  circuit  yield  loss  than  any  of  the  Ti-containing 
alloys,  particularly  if  a  dielectric  planarisation  process  is  used. 

The  observed  trends  in  electromigration  data  suggest  the  untested 
AI/0.2%Ti  as  a  possible  compromise,  having  MTF  approaching 
that  of  Al'Cu.  but  without  early  onset  of  whisker  growth. 
Towner’s  observations  [3]  suggest  that  the  activation  energy  for 
AI/0.2%Ti  would  be  as  for  pure  Al  -  about  0.55eV  -  implying 
significant  disadvantage  compared  to  Al/Cu  (about  0.7eV)  at 
normal  operating  temperatures. 


CONCLUSION 

In  summary,  results  show  very  early  failure  with  high  Ti  content 
through  growth  of  long  whiskers,  and  progressive  degradation  of 
performance  with  increasing  Si  content.  The  trends  observed 
suggest  that  a  true  AI/0.2%Ti  alloy  might  be  the  optimum 
combination,  with  performance  approaching  that  of  AI/4%Cu. 
MTF  is  likely  to  be  somewhat  inferior  to  that  of  AI/4%Cu.  but 
without  etch  difficulties  or  corrosion,  as  neither  was  encountered 
on  any  of  the  Al/Ti  alloys. 
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Figure  1:  Track  resistance  during  lifetest 
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Figure  2:  Whiskers  on  AI/1  %Ti  after  lifetest 
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We  have  studied  how  temperature -humidity-  and  voltage 
effect  corrosion  of  thin  film  aluminum.  This  was  done  by 
aging  RTV-coated  unpassivated  aluminum  triple-track  test 
structure?  at  temperatures  between  85  *C  and  150*C,  at 
relative  .'tumidities  between  50%  and  85%,  and  at  electric 
fields  between  two  2  x  103  V/cm  to  2  x  105  V/cm.  Using 
these  results,  we  develop  temperature-humidity-bias 
acceleration  models  which  are  based  on  sound  chemical  and 
physical  principles. 

We  found  that  for  the  defect  (contamination)  controlled 
failure  population  that  an  acceleration  model  of  the  form 

time-to-failure  oc[RH]-n  exp  (E/kT) 

fit  the  data.  For  those  humidity  ranges  where  water  was 
able  to  absorb  onto  the  device  surface,  2.3£n<3.2  and  was 
independent  of  voltage.  For  those  humidity  regions  where 
water  could  not  absoib,  the  humidity  exponent  was  much 
larger  n>6.  For  all  humidity  regions,  the  activation  energy 
Ea  was  between  0.75  and  1.2  eV  and  was  independent  of 
voltage.  The  voltage  acceleration  factor  was  not  well 
defined  in  this  region  of  the  failure  population. 

We  have  developed  a  theory  based  on  electroc  nistry, 
which  suggests  that  the  humidity  exponent  is  directly 
related  to  the  type  of  contaminant  on  the  surface  which 
leads  to  corrosion.  For  those  positive  ions  such  as  Na+  or 
K+,  we  calculate  an  exponent  of  3.  For  the  negative  ions 
such  as  Cl-,  the  humidity  exponent  is  also  3.  Eased  on 
these  results,  we  conclude  that  for  those  devices  which  are 
packaged  in  "dirty"  materials,  or  which  have  contaminated 
surfaces  prior  to  encapsulation,  the  acceleration  model 
given  by  Peck  should  be  used  for  data  analysis.  However, 
for  those  devices  packaged  in  "clean"  materials  the 
acceleration  model  given  below  should  be  used. 

The  part  of  the  population  which  failed  due  to  wearout  can 
be  modeled  by  an  equation  of  the  form 

median-time-to-failure  otexp  ^(-VA(Ejpp)  j  • 
exp(-A  •  %RH)  exp  (~EA) 

where  -VA  is  the  voltage  acceleration  factor  which  is  a 
function  of  encapsulant  and  surface  passivation.  It  also 
depends  upon  the  voltage  which  is  applied.  This  is  because 
the  surface  mobility  reaches  a  maximum  at  some  voltage 


which  depends  on  the  surface  conditions.  The  humidity 
acceleration  factor  A  is  0.1±0.05(hr/%RH)  and  the 
activation  energy  EA  is  0.98±0.13  eV.  Both  A  and  E,  are 
independent  of  voltage. 

We  have  developed  a  theory  again  based  on 
electrochemistry,  which  suggests  that  the  activation  energy 
(Ea'>  and  humidity  acceleration  factor  (A)  for  devices  which 
fail  due  to  wearout  is  due  to  conduction  of  OH-  and  H- 
ions  over  the  device  surface  between  the  anode  and 
cathode.  Therefore,  corrosion  which  occurs  due  to  wearout 
is  controlled  by  the  water  absorption  isotherm  and  the 
surface  mobility  of  the  OH"  and  H*  ions  of  that  system  of 
interest. 
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Lead/Tin  alloys  have  been  used  in  microelectronics- 
industry  for  past  25  years.  In  this  paper  we  study  the 
effect  of  tin  content  (from  0-10  wt%)  on  the  corrosion 
of  high  Pb  alloy.  We  identify  the  corrosion  products, 
their  morphology,  the  formation  methods  and  correlate 
the  corrosion  with  the  bulk  and  surface  tin  content  in 
solder  balls. 

Because  corrosion  resistance  of  solder  pads  is  a  surface 
related  topics,  in  order  to  understand  the  surface 
structure  of  solder  pads  and  important  parameters 
controlling  the  corrosion  of  solder  pads,  various  solder 
pads  were  studied  by  SAM  (scanning  Auger  micro¬ 
scope)  and  the  results  were  correlated  with  corrosion 
tests. 

We  found  disk-shaped  and  crust  forms  of  corrosion 
products  on  the  C4  solder  balls  examined.  Detailed 
X-ray  diffraction  patterns  showed  Mendipite 
(2PbO«PbCl2)  and  plumbonacrite 

(6PbCOj«3Pb(OH)2*PbO)  were  found  on  all  of  the 
corroded  chips  besides  Al,  Al2Cu,  and  Pb. 

We  found  plumbonacrite  (6PbC03*3Pb(0H)2*Pb0) 
on  the  Temperature/Humidity  (T/H  ,75°C  and  85% 
humidity)  corroded  pure  lead  blanket  wafers  after  ei¬ 
ther  H2/flux  or  double  H2  reflow. 


Among  the  three  different  kinds  of  reflowed  solder 
pads,  flux,  hydrogen  containing  forming  gas  and  ion 
beam  (Ref.  1),  SAM  surface  studies  showed  that  flux 
reflowed  pads  had  the  lowest  and  forming  gas  re  flowed 
pads  had  the  highest  amount  of  tin  on  the  surface.  It 
confirms  the  report  that  flux  removes  tin  preferentially. 
Ref.  2.  In  all  of  the  reflowed  pads  examined  by  SAM, 
tin  was  present  more  on  the  top  of  the  pads  than  on  the 
side  areas  because  of  the  single  source  deposition 
method.  The  presence  of  more  tin,  i.e.  less  lead,  on  top 
areas  of  solder  pads  was  consistent  with  the  findings 
that  some  of  the  corroded  pads  showed  more  corrosion 
products  on  the  side  than  on  the  top. 

The  lack  of  enough  tin  compound  to  protect  the  surface 
of  flux  reflowed  C4  pad  seemed  to  be  the  main  reason 
that  the  flux  reflowed  pads  were  vulnerable  to  corro¬ 
sion.  When  surface  tin  content  was  not  high,  lead 
showed  up  on  the  surface  and  was  corroded  by  two 
methods  to  form  lead  carbonate  related  compound. 
One  method  was  with  the  presence  of  chlorine  ions 
which  might  piay  a  role  in  accelerating  the  corrosion. 
The  chlorine  ions  reacted  with  lead  oxide  to  form  lead, 
oxygen,  and  chlorine  related  compounds  and  then 
transformed  to  more  stable  lead  carbonate  compound 
in  the  presence  of  water  and  C02.  The  detection  of 
mendipite  and  plumbonacrite  confirmed  this  formation 
method.  The  other  formation  method  only  needed  high 
humidity  and  high  temperature  and  no  chlorine.  The 
presence  of  plumbonacrite  but  no  lead  oxide  chloride 
on  corroded  pure  lead  blanket  wafer  after  T/H  tests 
proves  this  method. 

The  high  tin  on  the  surface  of  hydrogen  reflowed  pads 
protects  the  C4  pads  from  the  attack  of  chlorine  and 
humidity  and  generally  have  less  corrosion  problem. 


References 

1.  'Ton  Beam  Joining  Technique",  J.  M.  E.  Harper. 
H.  L.  Yeh  and  K.  R.  Grebe,  J.  Vac.  Sci.  Technol.. 
Vol.  20,  No.  3,  p.  359  (1982). 

2.  "A  DSC  Technique  to  Measure  the  Amount  of 
Indium  or  Tin  Leached  from  Lead  Based  Solders 
by  Rosin  Fluxes",  S.  Teed  and  V.  C.  Marcotte. 
Proceedings  of  the  Eleventh  North  American 
Thermal  Analysis  Society  Conference,  New 
Orleans,  Louisiana,  Vol.  11,  Oct.  1981 


4S5 


Abstract  No.  314 


A  Practical  Approach  to  HAST  and 
Correlation  with  85/85  for 
Reliability  Testing  of  Plastic 
Encapsulated  IC's  for 
Telecommunication  Applications 

A.  Henfe  K.  Allaert  P.  De  Pauw 

Reliability  and  Qualification  Department 

Alcatel  Bell  Telephone  N.V. 

Francis  Wellesplein  1 
B-2018  Antwerpen,  Belgium 


Plastic  packages  have  become  a  common  fact  for 
consumer  applications  and  their  reliability  is  since  being 
improved  contineously  [1].  However  for  many  high 
reliability  applications,  25  years  must  be  guaranteed 
under  tough  climatological  conditions  [2],  Therefore 
3,000  hrs  of  THB  test  are  needed  for  simulation.  The  THB 
85/85  test  is  commonly  used  as  a  standard  stress  test  for 
corrosion  on  plastic  encapsulated  semiconductor  devices. 
This  test  however  puts  strong  constraints  on  the  on-line 
quality  control  and  it  extends  the  design-to-market  time 
with  several  months. 

The  answer  to  this  problem  may  be  HAST  (Highly 
Accelerated  Stress  Test)  as  it  has  a  much  higher 
acceleration  factor  than  the  85/85  test.  Unfortunately  up 
to  now  the  implementation  of  HAST  is  not  well  understood 
and  many  problems  have  been  reported  about  the 
correlation  between  HAST  and  85/85  [1].  Both  suppliers 
and  customers  are  therefore  rather  sceptical  with  respect 
to  HAST. 

Because  of  the  urgent  need  to  reduce  turnaround  times 
we  put  a  lot  of  effort  in  experiments  that  should  give  us 
a  better  understanding  of  HAST.  Therefore  both  tests  have 
been  run  simultaneously  for  several  qualifications  for  more 
than  one  year. 

Tests  in  HAST  have  been  done  at  1 15,  125  and  135°C, 
all  at  a  constant  relative  humidity  of  85  %.  Earlier  tests 
on  TTL  standard  devices  showed  us  that  at  temperatures 
above  135°C  different  failure  mechanisms  can  be 
initialised. 


We  have  found  a  satisfactory  correlation  between  HAST 
at  temperatures  below  135°C  and  85/85.  The  failure 
mechanism  was  found  to  be  identical  in  both  tests  and  the 
data  could  well  be  fitted  to  the  Arrhenius  model  with  a 
maximum  likelihood  estimation  (Fig.  1). 

The  observed  acceleration  factors  and  activation  energies 
correspond  to  previously  published  data.  Activation 
energies  found  are  between  0.7  eV  and  0.8  eV.  This  is 
a  value  that  is  generally  accepted  for  estimating 
acceleration  factors.  Acceleration  factors  between  85/85 
and  HAST  are  in  the  range  of  6  (115/85)  and  23  (135/85). 

The  DUT's  are  3  pm  CMOS  custom  VLSI's  with  a  double 
passivation  layer  of  silicon  oxide  and  silicon  nitride  on  top 
in  plastic  DIL  packages  of  16,  24  and  28  pins.  Some 
components  had  a  silicone  die  coat,  others  not.  The  test 
where  continued  until  more  than  50  %  failures  occured. 
The  main  failure  mechanism  was  found  to  be  corrosion 
of  the  Al  interconnections  caused  by  imperfections  such 
as  cracks  and  pinholes  in  the  passivation  layer  (Photo  1, 
2).  These  failures  could  also  be  observed  on  both  the 
samples,  with  and  without  die  coating.  They  could 
therefore  not  be  caused  by  the  filler  grains  in  the  moulding 
compound,  neither  by  thermally  induced  shear  stresses 
at  the  interface  between  die  and  plastic  [3,  4). 

We  may  conclude  that,  based  on  the  great  number  of  tests 
being  performed,  HAST  at  125°C/85%RH  is  a  high 
reliable  alternative  to  the  more  extended  85°C/85  %  RH 
tests  for  telecommunication  devices. 
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Introduction 

Device  degradation  due  to  hot  carrier  simulated  stress  has  been  widely  explained 
as  being  due  to  trapping  of  the  hot  carriers  in  the  gate  dielectric  and/or  interface 
trap  generation.  With  the  continuous  scaling  of  VLSI  devices,  high-field-induced 
degradation  from  channel  or  avalanche  hot-electron  injection,  and  its  subsequent 
impact  on  the  device  parameters  namely  subthreshold  slope  change,  threshold 
voltage  shift,  and  the  degradation  in  transconductance,  become  a  major  reliability 
concern  in  circuits  employing  these  submicroo  MOSFET's.  When  a  transistor  is 
subjected  to  such  an  operation  for  longer  periods  of  time,  these  parameters  can 
change  and  exceed  the  limits  of  specification  permanently.  Therefore,  to  evaluate 
accurately  the  device  reliability  to  realize  submicroo  VLSI’s,  it  is  very  important 
to  have  some  kind  of  guide  lines  to  predict  the  device  operational  life  time. 

Avalanche  hot  carrier  injection  near  the  drain  provides  the  greatest  source  of 
concern'".  Accordingly  the  device  degradation  has  a  strong  correlation  with  the 
impact-ionization-uiduced  substrate  current,  i.e.  the  gate  bias  condition  which 
causes  the  most  severe  degradation  as  shown  in  Fig.  I . 

In  this  study,  using  accelerated  stress-aging  under  such  worst  case  biasing 
conditions,  device  degradation  is  modelled  to  predict  the  device  life  lime  as  a 
function  of  its  operating  parameter  like  drain  bias,  channel  length  and  gate  bias 
for  the  non-LDD,  0.18pm  shallow  junction  NMOSFET  process  studied  here. 

Experimental  results  and  discussion 

Discrete  NMOSFET’s  with  effective  channel  lengths  from  0.65  to  1.65pm  and  a 
width  of  20pm  used  here  were  fabricated  using  a  retrograde  n-well  CMOS 
technology  with  shallow  junctions  formed  by  Ge-preamoiphizaiioD  followed  by 
As*  implantation  and  two  step  annealing:  30  min  @  550*C  in  Argon  followed  by 
I050*C,  10  seconds  rapid  thermal  annealing  (RTA)(2).  Gate  oxide  thickness, 
substrate  doping,  and  junction  depth  were  22.5  nm.  lxlO16  cm'3,  and  180  ran 
respectively.  Accelerated  stress-aging  was  carried  out  for  various  drain  and  gate 
biases  with  Vgub  =  0  at  room  temperature.  The  device  characteristics  before  and 
after  stress  were  measured  in  die  reverse  mode,  i.e.  with  source  and  drain 
interchanged.  The  threshold  voltage  was  defined  such  that  at  V#  =  0.  IV, 

I(  =  1.0x(Wtfl/Leff)  pa.  The  transconductance  Gm,  is  die  maximum  in  slope  of  If- 
Vf  curve  at  V  =  0.1V. 

Fig. 2  summarizes  typical  VT  shift  versus  aging  time,  as  a  function  of  stress  bias 
for  a  device  with  L#ff  =  0.65pm.  A  positive  threshold  voltage  shift,  as  seen  in 
Rg.2,  was  observed  in  all  cases  of  VQ  <  Vp.  The  threshold  voltage  shift,  AV^ 
increases  with  rime  as 

AVT  =  At" 

where  n  =  0.65<3,4\  The  pre-exponential  factor.  A,  is  an  exponential  function  of 
1/VD<3>.  Since  the  substrate  current  is  an  exponential  function  also  of  1/VD  and 
the  life  time  of  the  submicron  devices,  defined  by  a  specified  threshold 
voltage  shift,  depends  exponentially  on  drain  bias  and  channel  length  as  shown  in 
Figs.  3  and  4  respectively.  Therefore,  using  the  data  of  Fig.3,  the  maximum 
allowable  operating  voltage  for  defined  life  time  can  be  predicted.  The  device 
lifetime  t  can  be  expressed  as  t  <*  exp  (b/VD-Lo/Leff)  where  b  and  Lo  are 
constants.  Using  the  slopes  of  figs.  3  and  4,  values  for  b  and  Lo  were  determined 
to  be  144V  and  4.7pm  respectively. 

As  can  be  seen  from  Figs.  1  and  3,  the  most  rapid  degradation  occurs  when  VQ  - 
'ft  Vp.  For  the  low  temperature  technology  used  here.  100,000  hour  lifetime  at 


100%  duty  cycle  could  be  achieved  without  the  need  of  a  lightly  doped  drain 
process.  A  more  realistic  3%  duty  cycle  permits  use  of  4.6V 

In  summary,  device  degradation  in  non-LDD,  shallow  junction,  submicroo 
MOSFET's  due  to  avalanche  hot  carrier  has  been  studied.  Device  operating  life 
time,  t,  varies  exponentially  with  drain  bias  and  the  effective  channel  length. 
From  this  drain  bias  -lifetime  relationship  the  maximum  allowable  operating  drain 
voltage  can  be  predicted. 
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Figure  1  Threshold  voltage  shift  and  substrate  current  as  a 
function  of  gate  voltage  of  a  0.65pm  device.  Devices 
were  stressed  for  10  minutes  at  VD=7.0V. 
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PECVD  (Plasma  Enhanced  Chemical 
Vapor  Deposition)  Silicon  Nitride 
and  Oxynitride  are  widely  used  in 
today's  VLSI  as  the  passivation 
layer.  Therefore,  impact  of  such 
films  on  device  instability, 
particularly  hot  electron  effects 
must  be  clearly  understood.  It  has 
been  generally  believed  in  the  IC 
world  until  most  recently  that  the 
passivation  process  including  PECVD 
has  no  impact  on  hot  electron 
performance.  However,  this  view  is 
changing.  Recently,  the  problems 
related  to  hot  electron  instability 
induced  by  PECVD  passivation 
processes  appears  increasingly  in 
literatures.  New  degradation 
mechanisms  have  been  reported, 
involving  hole  injection  and 
interface  state  generation  through 
a  still  unknown,  electro-  chemical 
reaction  with  hydrogen  present  in 
the  plasma  nitride  caps  CO*  The 
conventional  hot  electron 
methodology  no  longer  can  be 
applied  in  this  case.  It  must  be 
revised  to  include  the  new 
degradation  mechanisms.  This  study 
was  undertaken  to  develop  a  better 
understanding  of  the  new 
degradation  mechanisms  associated 
with  PECVD  passivation  processes 
and  to  establish  a  new  hot  electron 
stress  methodology  by  which  hot 
electron  lifetime  can  be  predicted. 

In  order  to  determine  the  impact  of 
PECVD  passivation  processes  on  hot 
electron  effects,  devices  with  and 
without  passivation  were  used.  For 
passivated  devices,  the  PECVD 
silicon  nitride  and  oxynitride 
passivations  used  most  widely  today 
were  chosen.  Also,  devices  with 
and  without  Ldd  structures  were 
used  to  determine  the  impact  of 
such  structures.  Several  gate 
voltages  were  used  in  stress  to 
determine  a  maximum  hot  electron 
degradation  condition  at  a  given 
drain  voltage  Vd.  Threshold  Vt, 
transconductance  Gm,  drain 
saturation  current  Idsat  and  impact 
ionization  current  Isub  were 
measured  before  and  after  each 
stress . 

Two  gate  voltages  were  used  to 
determine  a  Vg  dependence  on  hot 
electron  degradation:  Vg  ®  3.2V  at 
which  a  maximum  Isub  occurs,  and  Vg 
■  1.5V,  a  maximum  hole  injection 
condition.  Vd  =  7V  was  used  for 
all  cases.  Vg  ■  3.2V  is  a 

condition  commonly  used  in  the 


conventional  hot  electron  stress.  At 
this  voltage  the  maximum  Isub  takes 
place.  Device  degradation  occurred 
mostly  in  Gin,  Vt  shift  was 
negligible.  This  was  particularly  so 
with  PECVD  passivation. 

For  unpassivated  units  the  maximum  Gm 
degradation  occurred  with  a  maximum 
Isub,  Vg  ®  3.2V  as  expected.  No 

degradation  was  observed  with  Vg  = 
1.5V  for  a  1,500  minutes  stress. 
These  results  are  consistent  with  the 
conventional  hot  electron  stress 
data.  That  is,  the  maximum 
degradation  occurs  approximately  at 
Vg  =  1/2  Vd  or  Vg  =  3.2V  with  Vd  =  7V 
in  this  case. 

For  passivated  units  an  entirely  new 
phenomena  was  observed.  The  maximum 
degradation  no  longer  occurred  at  a 
maximum  Isub.  Instead,  a 
significantly  higher  Gm  degradation 
was  observed  at  Vg  =  1.5V. 

Experimenting  with  different  gate 
voltages,  Vg  =  1.5V  was  found  to  be  a 
voltage  at  which  a  maximum  Gm 
degradation  occurred,  and  from  this, 
a  universal  relationship  for  a 
maximum  degradation  condition  was 
der ived : 

Vg  =  1/2  Vg  (at  Isub  maximum) ....( 1) 

For  example,  if  the  maximum  Isub 
occurs  at  Vg  *  4V  in  an  Isub  versus 
Vg  curve  with  Vd  as  a  parameter,  Vg  = 
1/2  (4V)  =  2V  at  which  a  maximum  Gm 

degradation  will  occur.  The  new 
relationship  can  be  applicable  to 
both  PECVD  nitride  and  oxynitride 
passivation.  It  was  also  observed 
that  the  relationship  (1) 
corresponded  to  a  condition  most 
favorable  to  net  hole  injection. 
This  new  Vg  dependence  criteria  must 
be  used  in  order  to  obtain  a  maximum 
Gm  degradation  with  PECVD 
passivation. 

We  also  observed  a  strong  impact  of 
PECVD  passivation  processes  on  Gm 
degradation,  an  enhanced  degradation 
compared  with  no  passivation.  These 
results  suggest  a  new  degradation 
mechanism  associated  with  the  PECVD 
passivation  process.  The  new 
degradation  mechanism  must  account 
for  enhanced  Gm  degradation,  hole 
injection,  the  presence  of  hydrogen 
and  their  interaction  which  were 
observed  in  this  study.  The  PECVD 
nitride  or  oxynitride  films  are  known 
to  have  excess  hydrogens  which  may 
diffuse  toward  the  Si02  -  Si 
interface  during  the  PECVD 
passivation  process,  and  may 
participate  in  generating  interface 
states.  Based  on  those  results,  a 
phenomological  model  for  Gm 
degradation  was  developed,  and  will 
be  presented  along  with  other 
experimental  findings. 
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I.  Introduction 

Refractory  metals  and  their  alloys  are  known  to 
provide  highly  conductive  films  when  deposited  on  sil¬ 
icon  or  polysilicon  [1,2].  Among  all  the  available 
silicides  on  silicon  or  polysilicon,  TiSij  offers  the 
lowest  sheet  resistance,  Rg.,  [3].  In  many  applica¬ 
tions.  the  siUcide  must  be  able  to  withstand  post 
processing  temperatures  in  excess  of  800®C  [4,5].  At 
these  processing  temperatures.  film  uniformity, 
stress,  adhesion,  oxidation,  and  subsequent  etching 
all  become  extremely  important.  The  silicide  must  also 
be  able  to  preserve  the  integrity  of  the  gate  oxide 
when  deposited  on  polysilicon  in  MOS  gated  devices 

[6].  It  has  been  shown  that  between  conventional  fur¬ 
nace  annealed  (FA)  and  rapid  thermally  annealed  (RTA) 
TiSi-,  RTA  silicide  has  better  film  uniformity,  lower 
sheet  resistance,  smoother  film  surface,  and  causes 
minimal  perturbation  in  doping  profiles  (7-9). 

Conventional  high  voltage  discrete  and  Integrated 
devices  are  fabricated  with  heavily  doped  polysilicon 
as  the  gate  material  which  also  serves  as  a  self- 
aligned  mask  for  subsequent  dopant  diffusions  [10,11]. 
Phosphorous  diffusion  In  polysilicon  and  Its  contam¬ 
ination  at  the  gate  oxide  at  process  temperatures  in 
excess  of  1100°C  are  the  key  yield  limiting  factors  in 
this  technology  [12].  For  fast  switching  devices,  a 
low  gate  sheet  resistance  [13]  and  simultaneous  low 
contact  resistances  to  gate,  source  and  drain  dif¬ 
fusions  are  required  [14]. 

In  this  work,  we  report  on  low  resistance 
Al-TiSij  contacts  to  As,  B  and  P  diffused  Junctions 
for  silicon  VLSI  and  smart  power  applications.  The 
TiSi-  was  formed  by  RTA  annealing  sputtered  Ti  using  a 
two -Step  anneal  in  nitrogen  [7] .  The  optimal  silicide 
conductivity  was  obtained  by  carefully  selecting  the 
dopant  implant/diffusion  parameters,  Ti  thickness  and 
RTA  activation  parameters  to  reduce  the  silicon  sur¬ 
face  damage,  to  obtain  minimal  silicon  sheet  resis¬ 
tance,  and  to  form  uniform  silicide  films  with  negli¬ 
gible  porosity.  Contacts  to  TiSij  were  formed  by  RIE 
etching  about  8  kA  of  dens i fled  LPCVD  Si02  and  rf 
sputtering  1  micron  A1  at  room  temperature.  Cross- 
bridge  Kelvin  resistors  [15]  and  transmission  line 
contact  (TLC)  structures  [16]  were  fabricated  by  wet 
etching  Al.  Extensive  contact  resistance  measurements 
were  made  using  an  automated  measurement  set  up.  The 
contact  resistances  obtained  in  this  work  are  among 
the  lowest  reported  in  the  literature  for  Al-TiSi^ 
metallization  to  both  n-  and  p-type  silicon  [17,18]. 


II.  Experimental  Results 

The  experimental  device  structures  were  fabri¬ 
cated  on  As,  B,  and  P  diffused  regions  formed  on  <100> 
oriented  silicon  substrates  to  obtain  a  range  of  Junc¬ 
tion  depths  (0.3pm  <.  x.  5  6.0pm)  and  silicon  sheet 
resistances  (8  n/D  s  Rgif  s  50  (1/0) .  Contact  patterns 
on  silicon  were  defined  by  RIE  etching  8  kA  of  densi- 
fied  LPCVD  SlOj  In  CHF./CO-  plasma.  The  oxide  was 
deposited  at  450*C  and  denslfied  in  nitrogen  at  800*C 
for  60  min.  A  second  low  ion -bombardment  plasma  etch 
was  used  to  remove  the  silicon  surface  damage  created 
by  ion -bombardment  in  the  CHF./COj  plasma  [19]  which 
resulted  in  the  degradation  of  silicon  sheet  resis¬ 
tance  due  to 
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loss  of  surface  dopant  charge  [20,21].  TiSi2  with 
varying  thicknesses  and  sheet  resistances  were  formed 
by  rf  sputtering  600  A- 1400  A  Ti  and  siliclding 
using  a  two-step  RTA  anneal  in  nitrogen  in  the  tem¬ 
perature  range  of  550*C-850*C.  Contacts  to  TiSi2  were 
formed  by  rf  sputtering  1  micron  Al  at  room  tempera¬ 
ture.  Some  samples  were  In  situ  sputter  etched  prior 
to  Al  deposition  without  breaking  the  vacuum  to  clean 
the  TiSl2  surface. 

Table  1  lists  the  measured  interfacial  Kelvin 
resistance  R„  between  Al  and  TiSi.  for  as -deposited, 
and  samples  successively  sintered  at  400*C  for  60  min. 
in  H2 .  The  first  row  for  sintered  data  corresponds  to 
wafers  not  pre-tested  (Rvl  not  measured)  whereas  the 
second  row  corresponds  Co  those  that  were  character¬ 
ized  for  Rj..  .  Pre-testing  prior  to  Al  sintering  and  Al 
sintering  had  profound  effects  on  the  interfacial  Kel¬ 
vin  resistances  due  to  Al-TiSi2  interfacial  oxide  rup¬ 
turing  and  Al  spiking.  RTA  silicide  yielded  lower 
Interfacial  resistance  compared  to  furnace  annealed 
(FA)  silicide  due  to  lower  silicide  sheet  resistance 
and  smoother  silicide  surface.  Table  2  lists  the  con¬ 
tact  resistances  of  sintered  Al-TiSi2-nSi  on  As  and  P 
doped  silicon  without  any  sputter  etching  of  the  TiSij 
surface.  It  can  be  seen  that  RTA  silicide  consistently 
yielded  lower  Kelvin  resistance  compared  to  FA  sili¬ 
cide  and  P  diffused  Junctions  had  lower  than  As 
diffused  Junctions  due  to  enhanced  current  crowding  In 
shallower  Junctions  [20).  Extensive  contact  resis¬ 
tance  measurements  of  sputter  etched  samples  coupled 
with  detailed  material  analyses  using  SIMS,  RBS , 
Auger,  and  TEM  will  be  reported  at  the  conference. 
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I nt  roJuct ion 

The  t  lasii  EKl'Ki'M  featured  bv  electrical  erasing 
for  eiiLire  go  Li  array  simultaneously  has  been  expect¬ 
ed  to  emerge  as  the  low  c  >st ,  nigh  density  m-'st  e.\- 
cel  lent  non-Volat  i  le  nemor*.  ,  not  onlv  making  it  pos¬ 
sible  to  replace  IV  EPROM  markets  but  having  iu-w 
further  market  potential.  Main  requirements  for 
1  lash  K EPROM  performances  are  (1)  high  density,  (2) 
last  writing  speed-same  a-  TV  El'ki'M-  ,  (  }»  ua  .-•  t  :  ng 
speed  and  <>*>  reliability  on  write-erase  «vcle*.  In 
order  to  meet  these  requirements,  a  new  compact  Masii 
KkPRiiM  I  e  1  l  with  one  transistor  iias  been  developed 
using  sophisticated  triple  level  Pol-.  Si  technology* 1  > 
and  new  circuits. .rn-  ,  ip«.r  d.  a’.-.  wit;  t  hsu  it  *>1 
i.  h.i  racier  ist  ik  s  ot  inLer-polv  M  oxide  for  the  reli- 
a;:ie  flash  Ehi’Kt  >M  . 

Experiment  and  Discussion 

In  the  flash  Ei.i’ra'M,  write  operation  is  similar 
to  t.o*  :"V  KPH'»M.  I  >  »'  'll  .  ••  ,:u  l  J  1  ■  *  *t  i  n>* 

gale  during  1  *  :  :  :  ;  l  t  .  ini.-  lii. 

tive!.  b » a  it  ;  t  rase  gate,  thiougii  the  thin  poly  Si 
oxide  dm  in,-  an  er  i  <  le  .  <  A 1  1  nils  are  erased 

at  tin  same  t  L n*.* .  *  Hie  polv  Si  oxide  al  -;e  must  act 
a-  an  inje-te.i  :urri«  r  between  tile  erase  and  the 
floating  gates  for  non-,,  listed  oil's  to  prevent  an 
unt av-  ran  ie  programming  daring  a  write  eyrie  since 
the  erase  gate  is  designed  to  he  negative  against  the- 
floating  gate  in  this  eyrie.  therefore,  it  is  «  of 

tile  Ktu  t  ei  invlogies  how  to  optimise  trie  large  injec¬ 
tion  l  r  .mi  t  ne  floating  gate  to  tiie  erase  gate  for  a 
qnii.it  erasing,  while  suppressing  electron  inje.tiori 
from  the  erase  gate  into  the  floating  gate  tv.  prevent 
an  unfavorable  programming.  I « •  ..eel  these  demands, 
we  nave  investigated  tfu-  ele.trj  al  .  har.u  le  r  i  st  i .>t 
po’iv  M  oxide  Oil  the  menioi".  .•  il  carving  the  struil'.ire 
in.:  piiospnonis  ,  on.  out  r.»t  i'-n  in  the  1st  pnlv  Si. 
iw-  tvpes  Of  the  Hash  Eli’s* >M  ..IN,  wh i •  i»  are  shown 

> 11  >»>'.«  1  w«ri  f  it  ri'  itid  ii-  ing  triple-  p..|\  Si  te.h- 

u-  ■  log-.  . 

fig.  -nows  ^-S  leak  i  'irri-nt  plots  of  inter- 
poj-.  si  o>.id<-  tor  three  pnesphorn  •  com  etit  rat  inn*  in 
the  1st  pel.  I  and  bias  lomillions.  Positively 
:>ias»  d  2nd  j.ol.  Si  s  I  gni  f  il  ant  I V  leads  to  higher  ele.  - 
t  r  -a  inje  tion  than  revcrs.dv  biased  i  ase  as  phus- 
phofns  v  oij<  mil  I  It  i  oil  in  the  1st  po  I  ,  Si  goes  higher, 
fig.  1  shows  SEV  photograph,  of  the  1st  polv  Si  sur- 
ta.e  under  the  three  pin -sphv'rus  <  ciioiil  r.it  ion  con- 
dui  uis  i  orresponding  to  above-  I--N  leak  current 
pJ  Is.  in  the  .  ojhJition  of  pho.spfjoru,  i  onceilt  r.it  j  >«t) 
as  l<*w  »  ■  2  ill-"  im-',  polv  Si  sun. lie  asperity  ap- 
I  .  I  r  -  I"  !,e  T  Itne-r  roughelle..  t  .  the  ifJi.f  -llg;. 

•‘d  -ne-.  in  the  .ase  oj  lower  puos  pint  r  us  eimccnt  r.i- 

ti  '-a,  polv  si  grain  growth  is  suppressed  during  oxi¬ 
dation  ’r  a  mu  a  i  i  tig  utter  phosphorus  depe  it  ion,  so 
i'-  -i  sulfa,  e  appear-  to  lie  roughen,  -|  t.gur*  .  It 
’he  2nd  polv  Si  is  pc- itivelv  !>  i  as  e  d  ,  the'  le.lk  I  III- 
I’v.j  l:.i  *  "iv.i  the  polv  :«i  oxide-  increa.es  tiue  to  «*n- 
■  is*  e.f  ’ 1  i.'-fti  a  1  field  <:o;ii  ent  rat  ion  af  tin-  -barp 
l-ierifu  ..  fl«  other  hind,  ill  T  >11  .l-e  of  t  ,,e 

•  11  i-  'i  (-'-Itive,  tfu-  eie.  I  T  I  .  .1  1  field  t  OH.  dll  r.l 


Fig.  4-a  shows  the  typical  erase  time  of  the  flash 
EFPkoM  tvpe-II  cells.  It  is  measured  to  be  about  bcM 
usee  at  the  phosphorus  concentration  of  2  x  10^d  cn,- 3 
which  is  about  emu-hundredths  to  the  case  of  6  x  U)-{) 
cm“  3  (oxide  thickness  is  350  A)  .  It  coiicides  with  the 
sir.inlat ion  result  where  the  equation  d\'/dt*F-N  current 
is  numerically  solved.  The  slow  erasing  is  observed 
lor  tiie  type- 1  flash  EEPKuM  cells  due  to  small  injec¬ 
tion  (Fig.  a-b).  Fig.  5  demonstrates  the  threshold 
voltage  sniit  as  a  function  of  stress  time  for  three 
gate  stress  voltages.  Hie  tvpe-II  cell  provides  large 
endurance  for  me  gate  stress,  wnere  the  floating  gate 
is  positively  biased.  Thi*  is  Rood  agreement  with  the 
s  i:-.n  lat  i  mi  results.  For  the  type- 1  ,  h.*wever,  tiie 
large  Vtn  shift  can  be  expected  by  the  simulation. 

lime  dependent  breakdown  ciiarai  Lerist  i.s  oj  j- ,  •  1  *• 
Si  oxide  under  ,  .‘iist.iiit  I  A  urrenl  stress  is  measure  j 
using  p.'lv-polv  cap.ii  itor  with  1st  polv  Si  edge  undt  r 
2nd  polv  sj  positiveI\  biased.  Jhe  charge  to  break¬ 
down  improves  under  t:n-  lover  phosphorus  condition 
shown  is  cumulative  failure  rite  wihle  plots  -n  Mg,*'. 
!hi;i  result  i>  at  t  rj. unfed  l>*  tin  roughness  o;  t:,.  I  t 
polv  Si  asperif..  Siine  leak  uireiit  t  i.-vs  it  f;e 
limited  area  near  siiaro  .i*p«-r  i  t  ie-  whore  eniian.i  i  d 
elevtrical  field  ootn  i-ntrat  ion  is  o.  -ir.  i,  ijiu-viei 
electrons  seldom  encounter  t-’  weak  -p'l-  :  :i  tin  }  •  i 
Si  oxide.  In  the  operation  «’S  write-e ra-e  .  v.  ii  :  ? 
the  flash  EEl’Ri'M  cells,  main  failure  segment  is  pel'. 

Si  oxide  breakdown  between  tiie  floating  gate  and  r« 
eras,  gate  due  to  defects.  i  orrespondiii,-  to  above 
time  dependent  breakdown  chat  .n  tor  i  *i  1 1  *  measure.:  - 
poly-polv  -apacitor.  Hie  2>«'*K  :  lasii  Eid’t-  y  vLi-„ 
with  roughen,  i  l-t  p  sj  •  •  • 

centration  2  x  1020  lB1-  also  have  good  endurance 
for  write-erase  cycles.  As  is  shown  in  Iig.  '  we 
have  accorop]  i  shed  about  limn  w  ite-er.ise  .vies,  whi,: 
is  a  target  in  flash  EKFRuM,  with  sul I i«  lent  relia¬ 
bility  under  the  low  piu'sphoMis  lon-.iition  and  using 
optimized  cell  structure.  rile  l  we- II  cell  with 
roughen.  ■!  i-.L  o  :  f  i-  f  ,i 

preferable  sinu  fuiv  1<i  thi  fl.o::  : . . 

Snmm.ar-. 

ihe  eiecfii.al  .  liar  a.  i  >  i  »  --t  i .  s  inter-pol\  'i 
"'tide  {.'I'  the  lelial'lt  M  is'.  IM'm'V  ,«  !Is  -i  ' 

<ie  s,  i  j  be-.i .  (ontl'olling  po.v  si  ,  i  ie  I<  ti-  ic.  .  ■mo.:: 
and  developing  reliable  oxide  with  goo,*  «  • : . : i ; -  .  •  i  t.  ; 
tine  dependent  breakdown  are  main  kev  tegiiui- i,  git '. . 
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TIME-DEPENDENT  DEGRADATION 
IN  MOS  DEVICES 
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Unidirectional  and  bidirectional  channel 
stress  measurements  are  performed  to  examine 
hot-carrier-induced  degradation  in  NMOSFET . 
Unidirectional  channel  stress  (UCS)  refers  to 
both  stress  and  current-voltage  measurements 
being  in  the  usual  "forward”  direction  (1-4). 
"Reverse"  stress  and  I-V  measurements  are 
made  with  source  and  drain  interchanged.  The 
term  bidirectional  channel  stress  (BCS)  is 
used  to  indicate  measurements  of 
forward/reverse  I-V  characteristics  under 
both  stress  conditions. 

Results  of  fractional  transconductance 
shifts  due  to  from  UCS  DC  stress  are  shown 
x.n  Figure  1 . 0  The  gate  oxide  thickness 
used  is  200A .  Lightly-doped-drain  (LDD) 
structure  is  employed  in  each  UCS  device. 
Maximum  substrate  current  occurs  near  the 
stress  condition:  vds=7V'  V  =3V.  This 
condition  corresponds  to  maximum  degradation 
as  shown  in  Figure  1.  AC  stress  is  conducted 
by  applying  a  50%  duty-ratio  pulse  train  to 
the  gate  at  several  frequencies.  The  drain 
voltage  is  fixed  at  7V,  but  the  gate  pulse 
height  is  allowed  to  vary.  Comparison  of 
t ranscor.ductance  shifts  due  to  AC  stress  for 
different  gate  pulse  heights  is  shown  in 
Figure  2.  Degradation  increases  with  gate 
pulse  height,  which  seems  contrary  to  the 
results  for  DC  stress  shown  in  Figure  1. 
Dependence  on  pulse  frequency  is  shown  in 
Figure  3  for  pulse  height  equal  to  5V. 

Comparison  of  DC  and  AC  stresses  with 
the  maximum  substrate  current  (Vds=7V, 
v  =3V)  is  shown  in  Figure  4.  Under  this 
condition,  the  DC  stress  registers  about 
twice  as  much  degradation  as  AC.  This  is 
consistent  with  the  quasi-static  model  for 
device  lifetime:  tac=tdc  (peak  I  ub)/duty- 
ratio  (5).  Under  a  different  stress 
condition  (vds=7V'  V_S=7V) ,  shown  in  Figure 
5,  the  degradation  du*  to  AC  stress  is  about 
an  order  of  magnitude  larger  than  DC. 
Further,  this  degradation,  which  corresponds 
to  less  than  the  maximum  substrate  current, 
is  even  more  severe  than  that  caused  by  DC 
stress  at  V.  =7V,  V^.-OV,  which  yields 
maximum  substrite  cu^rSnt.  Thus  for  AC 
stress  generating  less  than  maximum  substrate 
current  during  the  duty-cycle,  the  lifjtime- 
I  ^  relation  proposed  for  DC  stress  (3)  no 
l§H<$cr  applies  .  This  result  is  consistent 
with  recent  findings  (6-7). 

Typical  BCS  data  obtained  for  NMOS 
devices  are  shown  in  Figure  6.  The  device  is 
stressed  with  V  =3V  and  V.=7.5V.  The 
results  show  that  whenever  the  stress 
direction  is  opposite  to  that  of  the 
measurement,  the  degradation  rate  is 
significantly  larger.  A  simple 
electrostatics  model  based  on  trapped 
carriers  near  both  source  and  drain  is 
proposed  to  elucidate  the  effect  of  BCS  on 
the  channel  electric  field  and  the  difference 
in  hot-carrier-induced  degradation  rates. 
This  model  is  also  used  to  explain  the  UCS 
results  for  AC  stress. 
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Long-term  reliability  of  thin  dielectric  films  has  been  an 
important  issue  for  MOS  VLSI  technology  and  has  received 
considerable  attention  [J-5].  In  future  ULS1  circuits  where  the 
insulator  thickness  is  expected  to  reduce  to  50  -  100  A,  the  is¬ 
sue  will  become  even  more  critical.  For  these  ultra-thin  films, 
measurement  and  characterization  can  be  a  challenge  because 
simple  models  used  for  thick  films  may  become  invalid  [61  and 
the  films  may  exhibit  very  different  behavior  [7|.  This  paper 
addresses  two  issues  related  to  reliability  testing  and  projection 
of  ultra-thin  Si02:  failure  detection  and  field  accelerated  test¬ 
ing. 

Ultra-thin  thermal  oxides  exhibit  a  new  failure  mode 
which  occurs  long  before  destructive  breakdown.  The  failure  is 
induced  by  high  field  stress  and  appears  in  the  form  of  excessive 
leakage  current  at  low  fields.  The  onset  of  the  leakage  current 
depends  on.  among  other  things,  the  stress  intensity  and  time 
but  is  independent  of  substrate  type,  gate  material,  electrode 
area  and  oxidation  conditions.  Once  the  leakage  current  occurs, 
it  increases  at  a  decreasing  rate  with  stress  time,  eventually 
stops  growing,  and  finally  jumps  to  a  high  level  when  the  oxide 
breaks  catastrophically.  I  he  stress-induced  oxide  leakage  is  re¬ 
garded  as  an  oxide  failure  because  many  circuit  applications 
cannot  tolerate  much  leakage  current.  In  conventional  tests, 
oxide  breakdown  is  typically  delected  by  monitor! -tg  a  large  and 
sudden  current  increase  at  high  fields.  These  tests  fail  to  detect 
the  leakage  current  at  low  fields  and  tend  to  result  in  overesti¬ 
mation  of  yield  and  reliability  data.  The  detection  of  the  new 
failure  mode  requires  a  different  test  procedure  in  which  the 
high-field  stress  bias  is  periodically  pulsed  to  a  low-field  moni¬ 
tor  bias  to  determine  the  onset  of  a  critical  oxide  leakage. 

The  origin  of  the  oxide  leakage  is  investigated  using  ramp 
l-V,  constant  V  stress  and  C-V  techniques  in  addition  to  com¬ 
puter  simulations.  The  dependence  on  stress  polarity  and  cal¬ 
culations  show  that  the  leakage  current  is  not  due  to  the 
generation  and  accumulation  of  positive  charge.  It  is  proposed 
that  the  leakage  originates  from  localized,  defect-related  weak 
spots  where  the  oxide  has  experienced  significant  deterioration 
from  electrical  stress.  The  deterioration  seems  to  be  a  physical 
and/or  chemical  change  rather  than  of  electrical  nature  because 
the  oxide  leakage  is  permanent  and  thermally  stable.  This 
change  leads  to  a  reduced  tunneling  barrier  and  causes  a  local 
enhancement  ot  the  injection  current,  which  appears  as  the 
stress-induced  oxide  leakage  at  low  fields.  The  l-V  measure¬ 
ments  at  different  temperatures  and  theoretical  calculations 
suggest  that  the  conduction  mechanism  of  the  leakage  is 


thermally-assisted  tunneling  through  a  reduced  barrier  of  about 
1  eV. 

The  prediction  of  thin  insulator  reliability  is  often  ob¬ 
tained  by  extrapolating  time-to-failure  data  from  high-field 
stress  tests  to  device  operating  fields.  This  approach  implicitly 
assumes  that  mechanisms/ physics  at  high  fields  also  operate  at 
low  fields  and  no  additional  failure  mechanisms  exist  at  low 
fields.  Recent  experimental  data  [ 8 1  indicate  that  these  as¬ 
sumptions  may  not  be  valid.  The  spread  in  the  time-lo-failure 
distributions  depends  on  the  stress  field.  Under  high  Fields,  the 
distributions  are  very  light  and  similar  to  intrinsic  breakdown 
of  uniform  oxides.  Under  lower  fields,  the  distributions  for  the 
same  oxide  broaden  due  to  an  increasing  domination  of  pre¬ 
mature  failures.  The  result  suggests  that  either  defects  require 
some  amount  of  time  to  develop  and  evolve  to  a  destructive 
stage  or  different  breakdown  mechanisms  take  place  at  lower 
fields.  The  high-field  accelerated  tests  appear  to  be  incapable 
of  revealing  localized  defects  causing  premature  oxide  break¬ 
down  and  therefore  lend  to  produce  optimistic  projection  of 
reliability  at  low  operating  fields. 

The  authors  are  very  grateful  to  Drs.  G.W.  Rubloff  and 
N.O.  Lipari  for  their  support  of  this  work. 
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Introduction 

Digital  signal  processing  chips  used  In  tele¬ 
communications  environment  have  ver,  stringent 
reliability  requirements.  Although  several  re¬ 
liability  concerns  may  be  present  on  such  cir¬ 
cuits  processed  using  CMOS  technologies,  control 
of  gate  oxide  leakage  remains  a  major  problem. 
Usually  gate  oxide  quality  Is  monitored  by  per¬ 
forming  breakdown  measurements  on  simple  test  ca¬ 
pacitors.  During  this  study  we  found  that,  al¬ 
though  gate  oxide  quality  Is  excellent  on  simple 
capacitor  structures,  still  failures  due  to  gate 
oxide  leakage  occur  In  large  circuits. 

Experimental 

Llfetest  conditions  &  failure  percentage  : 

Our  DSP-cIrcult  (ref  1)  was  Initially  processed 
using  3  urn  CMOS  double  poly, single  metal  technol¬ 
ogy.  Because  of  circuit  packing  density  require¬ 
ments  (lower  cost)  some  poly  lines  were  used  for 
large  Interconnections.  The  circuit  uses  a  power 
supply  voltage  of  10  V  and  Is  operating  at  4  MHz. 
An  overview  of  the  most  Important  process  par¬ 
ameters  Is  shown  In  table  1.  The  IC's  were 
tested  during  3000  hour  at  normal  operating  volt¬ 
age  and  at  125  C.  In  a  second  test  a  total  a- 
mount  of  120.000  devices  were  tested  during  sev¬ 
eral  periods  of  1  week.  Failure  percentage  was 
0.15  t. 

Failure  analysis 

Two  Important  types  of  failures  were  observed 
after  llfetest  and  field  test  of  the  OSP-cIrcutts. 

A  first  problem  occurred  at  the  end  of  a  long 
poly  line  of  several  mm  driving  an  Invertor.  Due 
to  leakage  observed  In  the  pMOS  (30  uA  at  4.5  V) 
the  resistive  voltage  drop  across  the  poly  lines 
becomes  excessively  large,  resulting  In  the 
Inability  of  turning  on  the  nMOS  transistor 
(Vt  »  1  V).  A  second  problem  was  found  In  a  de¬ 
bouncer  operating  at  8  KHz.  This  circuit  part  Is 
merely  a  switch  consisting  of  an  nMOS  and  a  pMOS 
transistor  driven  In  parallel.  The  Information 
was  found  to  leak  away  and  the  problem  became 
worse  at  lower  frequencies.  Again  the  pMOS  tran¬ 
sistor  was  found  to  show  leakage  between  S/0  and 
gate.  At  room  temperature  the  leakage  current 
was  50  nA  at  5  V. 

Discussion 

From  the  failure  analysis  It  becomes  clear 
that  the  major  reliability  concern  can  be  found 
In  leakage  of  a  pMOS  transistor  driven  by  a  long 
poly  line.  Breakdown  plots  performed  on  simple 
geometry  capacitors  of  15  x  30  um2  (fig,  la)  are 
shown  In  fig.  2a  both  for  n-well  and  p-substrate 
type.  As  can  be  seen,  quality  of  the  gate  oxides 
Is  very  good,  showing  no  low  or  medium  field 
breakdowns.  If,  however  the  same  measurement  Is 
performed  on  capacitor  structures  as  shown  In 
fig.  lb,  8  X  failures  are  found  between  0  and  5  V 
for  a  poly  length  on  field  oxide  of  3  x  2000  um2 


for  the  capacitors  on  n-well  (fig.  2b).  The  ca¬ 
pacitors  on  p-substrate  show  less  low  field 
breakdowns  (3  1) .  The  primary  cause  for  the  ap¬ 
pearance  of  the  low  field  breakdowns  on  these 
structures  Is  charge  build  up  of  the  poly  lines 
during  Implantation  of  source  ano  drain.  This 
problem  has  been  reoorted  before  (ref.  2),  but 
usually  neutralization  of  the  charge  with  an 
electron  shower  during  Ion  Implantation  strongly 
reduces  the  problem  (ref.  3).  Using  test  capaci¬ 
tors  having  varying  lengths  of  poly  lines  "driv¬ 
ing"  the  top  plate  over  gate  oxide,  It  Is  shown 
that,  even  under  optimal  beam  neutralization,  the 
capacitors  with  a  long  poly  Interconnect  are 
still  sensitive  to  this  problem  and  show  leakage 
currents  of  several  nA  at  5  V.  This  Is  shown  In 
table  2  which  shows  the  relative  amount  of  low 
field  breakdowns  for  capacitors  with  different 
poly  lengths  on  field  oxides.  A  pragmatic  ap¬ 
proach  to  solve  the  problem  lies  In  the  reduction 
of  the  poly  Interconnect  length  (through  bypass¬ 
ing  with  metal  1;  at  the  expense  of  area  on 
chip).  A  maximum  value  of  1  mm  Is  used  now.  The 
reason  why  the  leakage  Is  always  found  on  the  n 
well  capacitors  < 1 . e .  the  pMOS  transistor)  can  be 
explained  by  the  mask  structure  used.  The  pa  Im¬ 
plant  mask  only  allows  the  B  to  penetrate  In  the 
p-actlve  regions,  whereas  the  nr  As  Is  Implanted 
In  the  "non-pr"-reg1ons.  Therefore  the  total  a- 
mount  of  charge  on  top  of  both  poly  lines  Is  al¬ 
most  the  same.  The  only  difference  between  the 
nMOS  and  pMOS  transistors  can  be  found  In  a  para¬ 
sitic  doping  of  the  gate  oxide  during  S/D  im¬ 
plant.  As  Is  known  to  be  an  effective  electron 
trap  as  compared  to  Boron.  In  (4)  It  Is  shown 
that  gate  oxides  having  a  large  amount  of  elec¬ 
tron  traps  show  less  low  field  breakdowns  because 
of  the  neutralization  of  the  Injected  charge  by 
the  presence  of  local  fields  due  to  the  already 
trapped  electrons. 

Conclusions 

A  new  reliability  problem  was  observed  In  CMOS 
circuits  having  long  poly  lines  driving  pMOS 
transistors.  The  problem  Is  correlated  with  the 
charging  of  the  poly  during  Ion  Implantation  of 
the  source/drain.  Longer  poly  lines  are  more 
susceptible  than  shorter  ones,  due  to  more  accu¬ 
mulated  charge,  leading  either  to  premature 
breakdown  of  the  gate  oxides,  either  to  damage 
that  will  Induce  Increased  leakage  at  elevated 
temperature,  and  will  pose  a  TDDB  problem.  Tech¬ 
nology  solutions  consist  In  optimization  of  the 
procedure  for  neutralization  of  the  charge.  De¬ 
sign  solutions  consist  In  Imposing  a  design  rule 
for  the  maximum  length  of  the  poly  Interconnect. 
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P-sub  doping  concentration  :  2E1 5/cm3 
n-well  doping  concentration  :  1  El 6/ cm3 
gate  oxide  thickness  :  40  nm 
field  oxide  thickness  :  1  urn 
poly  SI  thickness  :  600  nm 
pr  S/D  I/I  :  dose  4E15/cm2;  50  KeV,  B 
nr  S/D  I/I  :  dose  5E15/cm2;  140  KeV,  As 
poly  SI  doping  :  POCL3 


n-w«U 


Table  1  :  Most  Important  processing  parameters  of 
the  3  urn  n-well  double  poly,  single 
metal  CMOS  process. 


Ugla-b:  teat  capacitors  used  lof  evaluation  of  the  breakdown 
strength  ot  the  gate  oxides. 

The  teat  etruoture  ol  tlgtals  merely  a  reotangular 
polyallloon  gate  structure  ol  1 5  x  30  urn. 

The  teat  capacitor  ot  flgl  a  oonalats  ol  the  seme  rectangular 
poly  gate  over  gate  oxide,  In  aeries  with  a  long  serpentine 
structure.  The  dlmenelona  ot  the  poly  over  field  oxkle 
rwigadtmm 3x200  um2lo3x3000um2. 


/N 


^  j  3  4  teraeio  Mv/cm 

p-aut*t»1e 


Fig  2a  -  b :  breakdown  histograms  obtained  on  the  structures  ot  tigs  1  a  -  b 
Breakdown  detection  current  was  set  at  t  uA. 

For  structure  b  the  dimensions  ol  the  poly  gate  on  held 

oxide  were  3x2000  um2. 


POLY  GATE  DIMENSIONS 

ON  FIELD  OXIDE 

l  LOW  FIELD  BREAKDOHNS 
N-HELL  P-SUB _ 

3  x  200  um2 

0.5 

0.4 

3  x  500  um2 

1.5 

1.2 

3  x  1000  um2 

4.0 

2.0 

3  x  2000  um2 

8.0 

3.0 

3  x  3000  um2 

12.0 

5.0 

Table  2  :  I  low  field  breakdowns  as  a  function  of 
the  poly  length  on  field  oxide,  both 
for  capacitors  on  n-well  and  p-sub. 
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Reliability  Study  of  PECVD  Silicon  Nitride 

For  Corrposite  Insulation 

D.  Nguyen,  H.  Rathore,  R.  Edwards,  G.  Gati, 

V.  DePalma 

IBM  General  Technology  Division  East  Fishkill 
Rte.  52  Hopewell  Junction,  New  York  12533 


Inter level  short  (ILS)  is  one  of  the  major 
time-dependent  failure  mechanir-ms  in  multilevel 
interconnection  structure.  The  ILS  problem  became 
more  critical  as  the  circuitry  get  more  complex  and 
more  than  two  levels  of  metal  and  used  in 
fabrication  of  VLSI  product.  Gati  and  al. 

(1)  reported  that  the  use  of  composite  insulator 
(sputtered  Si02/PECVD  Silicon  Nitride)  resulted  in 
significant  ILS  improvement  and  yield  enhancement. 

In  this  wrk,  defects  (holes)  were  formed  in 
the  sputtered  Si02  by  the  use  of  special  mask  and 
processing.  A  thin  film  of  PECVD  nitride  was 
deposited  over  the  sputtered  Si02.  Therefore,  the 
insulator  at  the  defect  site  is  only  a  thin  layer 
of  PECVD  nitride  for  the  time-dependent  failures 
and  to  project  field  reliability.  IVro  tests  were 
used  in  this  study:  one  is  a  voltage  ramp  and  the 
other  is  a  constant  voltage  life  test.  The  voltage 
ranp  tests  were  conducted  at  three  different  ramp 
rates,  each  at  two  temperatures .  The  life  test  was 
done  at  three  voltages  and  two  temperatures.  The 
data  were  used  to  derive  electric  field  acceleration 
factor  and  the  temperature  dependence  of  the  life 
time  of  the  PECVD  nitride  in  this  configuration. 

(1)  G.S.  Gati,  Application  of  Surface  Science  22/23 
(1985)  997-1003  Nor th-Hol land,  Amsterdam 
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Reliability  of  10  run  0N0  stacked  insulator 

K.  v.  Sichart,  L.  Do  Thanh,  Th.  Kleinert, 
S*.  R6hl  and  H.  Reisinger 
Siemens  AG,  Microelectronics 
Technology  Center 

Otto-Hahn-Ring  6,  D  8000  Miinchen  83, 
Germany 


Introduction 


The  quality  of  the  dielectric  in  storage 
capacitors  plays  an  important  role  in 
the  reliability  of  dynamic  RAM's.  The 
development  of  new  DRAM  generations  with 
capacity  beyond  4  Mbits  requires  thin 
insulators  with  thicknesses  of  about 
10  nm  or  thinner  even  in  three  dimen¬ 
sional  structures,  e.g.  the  widely  used 
stacked  and  trench  capacitors.  It  is 
known  that  the  use  fo  very  thin  thermally 
grown  SiO?  filmB  in  such  structures  leads 
to  many  problems  in  the  reliability  /l/. 
Recently  oxide-nitride-oxide  (ONO) 
stacked  films  are  used  as  a  possible 
alternative  to  Si02  /2/.  However,  to  our 
knowledge,  informations  about  the  long 
term  stability  of  very  thin  ONO  films  are 
hardly  found  in  the  literature. 

In  this  paper,  we  present  a  study  on  the 
reliability  of  very  thin  (d$10  nm) 
stacked  insulators  using  different  charac¬ 
terization  techniques. 


Experimental 


Planar  MIS  capacitors  with  poly-Si  gate 
and  p-Si  substrate  were  used  as  test 
samples  in  our  study.  The  gate  insulator 
is  an  oxide-nitride-oxide  triple  layer 
with  10  nm  effective  thickness.  The  bottom 
and  top  oxide  layers  were  grown  by  thermal 
oxidation  of  the  Si  substrate  and  the 
nitride  respectively .  For  comparison  some 
samples  with  nitride-bottom  oxide  (ON) 
double  insulator  of  7.8  nm  effective 
thickness  or  10.8  nm  thermally  grown  Si02 
were  also  prepared.  The  defect  density  of 
the  films  was  evaluated  from  time  zero 
dielectric  breakdown  measurements.  Both 
constant  voltage  and  constant  current 
stress  at  different  temperatures  were 
used  to  study  the  long  term  reliability 
of  the  films.  The  density  of  injected 
charge  to  breakdown  was  evaluated 
from  both  constant  current  and  constant 
voltage  stress  experiments. 


Very  low  defect  density  (<0.1  cm”2)  and 
high  breakdown  field  strength  (Efip  > 
12MV/cm)  were  found  for  ONO  and  also  for 
ON  stacked  films. 

Fig.  1  shows  the  time  dependent  dielec¬ 
tric  breakdown  (TDDB )  characteristics  of 
10  run  ONO  film  obtained  by  constant 
voltage  stressing  at  150u  C  and  different 
field  strengths.  The  shape  of  the  Weibull 
plots  indicates  that  the  Intrinsic  break¬ 
down  IB  the  dominating  mechanism  which 
controls  the  reliability  of  the  investi¬ 
gated  ONO  films .  the  mean  time  to  break¬ 
down  of  ONO  films  is  larger  than  that  of 
10.8  nm  S105  layers,  similar  results  are 
also  obtained  for  7.8  nm  ON  double  layer 
dielectrics,  however  the  mean  time  to 
breakdown  of  ON  filme  iB  about  three 
orders  of  magnitude  shorter.  In  some 
samples  the  Weibull  plot  deviates  clearly 
from  a  Btralght  line.  We  found  that  this 
deviation  correlates  with  the  film  thick¬ 
ness  inhomogeneity  of  the  wafer. 

Fig.  2  shows  acceleration  plots  of  time 
to  reach  201  and  63%  failures.  These  log 
t  vs.  1/E  plots  fit  well  to  a  model 
proposed  In  /3/  to  explain  the  breakdown 
properties  of  thin  Si02  films.  This  may 


indicate  that  a  similar  mechanism  as 
described  in  / 3/  can  also  occur  in  ONO 
structures,  The  electric  field  accelera¬ 
tion  factor  is  extracted  to  be  about 
Q  55  Extrapolation  to  2.5  MV/cm  which  is 
typically  the  field  across  the  stroage 
dielectric  of  4M  DRAMs  yields  a  life 
time  Of  about  150  years  at  150«C.  The 
«?looe  of  the  Weibull  plots  remains 
unchanged  by  stressing  the  ONO  samples 
at  different  temperatures  ranging 
from  30^  C  to  150°  C 

m  fig-  3  the  9ate  ar*a  dependence  of 
the  TDDB  characteristics  is  illustrated. 

The  decrease  in  the  time  to  breakdown 
with  increasing  gate  area  can  not  be  well 
described  by  a  random  distribution  of 
defects  as  found  for  SiO,  films  /4/.  The 
insert  in  fig.  3  shows  the  topological 
^Smooineltv  of  the  results  for  4  mm2 
structures  as  an  example.  This 
oeneity  is  due  to  deviations  in  film 
thickness .  The  site  of  the  squares  is 
proportional  to  log  (time)  a  cross 
marks  capacitors  with  time  to  break- 

The11  density°ofein jected  charge  leading 
to  breakdown  is  widely  used  as  the 
crucial  parameter  for  intrinsic  break¬ 
down  /4/ .  Usually  0^  is  calculated 
from  the  time  to  breakdown  by  constant 
current  injection.  In  our  study  Qbd  was 
evaluated  from  both  constant  voltage  and 
constant  current  stress  experiments.  For 
ONO  samples,  no  substantial  difference 
was  found  in  CW  values  extracted  from 
che  two  stressing  techiques.  However  we 
found  that  higher  Qbd  values  found  by 
constant  current  stress  does  not 
necessarily  indicate  a  longer  life  time 
as  extracted  from  constant  voltage 
stressing.  Fig.  4  compares  the  0m  values 
of  ON,  ONO  and  Si02  films  obtained  by 
constant  current  stressing.  Although  the 
SiO-?  film  shows  larger  Qbd  values, 
acceleration  test  yields  a  much  shorter 
life  time  than  that  of  ONO  film  {fig-  2) • 
While  there  is  only  a  Gmail  difference 
in  the  QKri  values  of  ONO  and  ON  films 
(about  factor  2-3),  the  time  to  break¬ 
down  by  stressing  with  the  same  field 
strength  is  many  orders  of  magnitude 
larger  for  ONO  structure.  Since  in  eacn 
device  operation  cycle,  the  storage 
capacitor  is  stressed  by  a  constant 
voltage  rather  than  by  a  constant  current, 
the  con; tant  voltage  stress  appears  to  be 
more  suitable  to  predict  the  long  term 
reliability  of  the  films. 


The  reliability  of  ONO  and  ON  stacked 
insulating  films  with  thicknesses  of  10  run 
and  below  was  investigated  using  constant 
voltage  and  constant  current  stress 
experiments.  Although  the  density  of 
injected  charge  to  breakdown  of  ONO  films 
is  much  lower  compared  to  Si02,  the  time 
dependent  dielectric  breakdown  investi¬ 
gation  showed  that  ONO  stacked  films  are 
more  reliable  than  Si02  when  used  as 
dielectrics  in  storage  capacitors  of 
future  DRAM's. 
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DETERMINATION  OF  FRACTAL  (HAUSDORFF)  DIMENSION 
DURING  THE  ELECTRODEPOSITION  OF  ZINC 

Chao-Peng  Chen  and  Jacob  Jorn6 
Department  of  Chemical  Engineering 
University  of  Rochester 
Rochester,  NY  14627 

A  simple  method  Is  proposed  to  measure  the  frac¬ 
tal  (Hausdorff)  dimension  of  the  electrodeposition  of 
zinc  by  current  Integration.  Under  our  experimental 
conditions  (C-0.01  M  ZnSO^  and  V-2-12  volt  or 
1-0. 1-1.0  mA),  scale  Invariance  Is  observed.  The 
fractal  dimension  of  the  two  dimensional  zinc  deposit 
increases  with  the  applied  potential,  or  the  applied 
current,  while  the  microstructure  changes  from  the 
highly  branched  random  aggregate  to  the  radial  dense 
structure.  These  phenomena  seem  to  suggest  that  ionic 
migration,  in  addition  to  diffusion,  plays  an  impor¬ 
tant  role  in  the  morphology  of  the  deposition. 

Electrodeposition  of  zinc  has  been  demonstrated 
as  one  of  the  real  physical  systems  which  exhibits  a 
structure  similar  to  the  theoretical  diffusion-limited 
aggregation  (DLA)  model.  ’  The  fractal  (Hausdorff) 
dimension  of  this  system  is  usually  determined  by 
digitizing  photographs  and  taking  the  best-fit  slope 
of  Ln(N(r)J  vs.  Ln(r),  where  N(^)^is  the  number  of 
pixels  contained  within  a  radius  r.  In  the  present 

communication  we  present  a  simpler  method  which  may  be 
used  to  determine  the  fractal  dimension  in  a  more 
direct  way. 

Our  electrodeposition  cell  consisted  of  a  zinc 
ring  anode  with  a  diameter  of  8.4  cm  which  was  set 
into  a  petri  dish.  Aqueous  0.01  M  ZnSO^  solution  was 
confined  in  a  uniform  0.2  mm  film  covered  by  a  thin 
glass.  Thin  0,5  mm  diameter  copper  wire,  or  graphite 
core,  was  centrally  located  as  the  cathode.  It  is  to 
be  noted  that  a  copper  ring  is  not  suitable  as  the 
anode  because  co-deposition  of  copper  and  zinc  was 
observed.  A  constant,  potential,  ranging  from  2  to  12 
volt,  was  applied  between  the  anode  and  the  cathode  by 
using  a  power  supply  with  a  voltage  regulator, 
designed  to  compensate  the  ohmic  drop  of  the  shunt. 
The  precision  of  the  current  measurement  was  0.01  raA. 
In  some  experiments,  constant  currents,  ranging  from 
0.1  to  1.0  mA,  were  applied,  while  changes  in  poten¬ 
tial  were  recorded. 

The  Hausdorff  dimension  is  given  by  the  equation: 

Df 

K(r)  -  r  (1) 

where  the  mass  of  the  aggregate  M(r)  within  the  radius 
r  may  be  obtained  by  the  integration  of  the  current 
over  the  deposition  time.  This  method  is  valid  only 
when  the  current  efficiency  la  10*0%.  No  competitive 
reaction  such  as  hydrogen  evolution  was  observed 
during  the  zinc  electrodeposition  and  the  current 
efficiency  approached  100%.  Current  efficiencies  were 
calculated  by  titration  of  the  zinc  deposits  with 
dilute  sulfuric  acid  and  comparing  to  current-time 
data.  Figure  1  shows  a  typical  zinc  deposit  obtained 
from  0.01  M  ZnSO,  solution  under  an  applied  potential 
of  6V. 

Figures  2  and  3  show  typcial  current  and  growth 
curves,  respectively,  during  zinc  electrodeposition 
experiments.  Figure  2  can  be  integrated  to  give  the 
mass  vs.  time  curve  by  using  Faraday's  law.  Then  by 
logarithmically  plotting  the  mass  of  the  deposit  vs. 
its  radius,  the  Hausdorff  dimension  can  be  obtained 
from  the  slope  of  the  line  as  shown,  for  example,  in 
Figure  4.  The  results  show  that  the  scale- invariance 
characteristics  always  exist  under  the  present  ex¬ 
perimental  conditions.  Similar  results  have  been 
obtained  by  Brady  and  Ball  for  copper  electrodeposi¬ 


tion  in  a  three  demensional  system,  D^-2.43.  In  this 
region,  the  microstructure  of  the  aggregates  has  been 
considered  as  the  DLA-type.  Figure  5  shows  the  de¬ 
pendence  of  the  fractal  dimension  on  the  applied 
potential.  The  fractal  dimension  increases  with  the 
applied  voltage,  as  the  morphology  of  the  deposition 
changes  from  the  highly  branched  random  aggregate  to 
the  radial  dense  structure.  Similar  behavior  was 
obtained  under  galvanostatic  operation  in  which 
various  constant  currents,  rather  than  potentials, 
were  applied  between  the  growing  aggregates  and  the 
ring  anode.  Figure  6  shows  that  the  fractal  dimension 
incrases  with  the  applied  current.  This  trend,  which 
is  very  similar  to  previous  results  obtained  by  com¬ 
puter  simulation',  indicates  that  electrical  migration 
of  the  ions,  in  addition  to  diffusion,  plays  an  impor¬ 
tant  role  in  the  transport  of  zinc  Ions.  From  the 
microscopic  observations  we  also  found  that  under 
higher  voltage,  the  growth  of  the  depgs^t^op  was 
radially  oriented,  as  previously  reported.  ’  ’  ’  In 
electrolytic  solutions,  the  diffusion  length,  1  - 
J 2Dt ,  is  very  small,  on  the  order  of  0.1  cm,  thus  if 
the  process  is  diffusion- limited  than  the  deposition 
should  be  limited  to  the  electrolyte  in  the  immediate 
surrounding  of  the  aggregate.  However,  according  to 
our  analysis,  the  mass  deposited  is  much  larger  than 
the  original  mass  of  the  zir.c  ions  within  the 
aggregate.  Consequently ,  the  electrical  migration  of 
the  ions  dominates  the  process,  and  the  dimension  of 
the  aggregates  is  larger  than  that  of  the  DLA,  espe¬ 
cially  under  higher  applied  potentials. 
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Figure  1:  Dense  aggregate  of  zinc  electrodeposi t ion 

0.01  M  ZnSO  ,  6V,  15  minutes. 
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2:  Current  vs.  time  for  zinc  electrodeposi¬ 

tion  under  various  applied  potentials. 


under  various  applied  potentials. 


Figure  4  .  Logarithmic  plot  of  aggregate  mass  vs.  its 
radius  under  applied  potential  of  9  volt. 
Df  -  1.75. 
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Figure  6:  Fractal  (Hausdorff)  dimension  vs.  applied 

potential  for  zinc  electrodeposition  from 
0.01  M  ZnSO^  solution. 
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Figure  6:  Fractal  (Hausdorff)  dimension  vs.  applied 

current  for  zinc  electrodeposition  from 

0.01  M  ZnSO.  solution. 
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STABILITY  ANALYSIS  OF  METAL  ELECTRODEPOSITION 

Dale  P.  Barkey*,  Rolf  H.  Muller,  C.W.  Tobias 

Department  of  Chemical  Engineering 
University  of  California,  Berkeley 

and 


A  negative  amplitude  growth  rate,  or  decay  of  the 
perturbation,  occurs  only  if  the  surface  energy  term 
in  the  numerator  exceeds  the  concentration  term.  With 
the  definition  of  a  surface  overpotential  number, 


Ws  = 


2  u  ur 
6  RT 


Lawrence  Berkeley  Laboratory 
Berkeley,  California 


the  stability  criterion  becomes, 


A  stability  analysis  of  metal  electrodeposition 
on  a  smooth  surface  has  been  formulated  and  applied  to 
copper  deposition  on  a  rotating  cylinder.  The 
analysis  is  an  extension  of  Landau's  treatment  to 
include  the  electric  field  explicitly  (1).  Current 
distribution  on  a  sinusoidal  profile  was  found  by  a 
first  order  perturbation  technique  accounting  for 
ohmic,  kinetic  and  concentration  overpotentials,  and 
the  derived  current  distribution  was  used  to  evaluate 
the  rate  of  growth  or  decay  of  the  perturbation. 

In  agreement  with  Landau's  result,  deposition  was 
found  to  be  unstable  for  all  practical  conditions. 

The  only  stabilizing  influence,  the  surface  free 
energy,  is  insignificant  for  features  larger  than  one 
micrometer.  The  rate  of  surface  amplif icat ion  is, 
however,  sensitive  to  electrolysis  parameters  that  can 
be  controlled,  and  the  analysis  therefore  provides 
useful  information  on  conditions  favorable  to  the 
production  of  coherent  deposits  and  on  expected 
protrusion  spacing. 

The  first  order  perturbation  solution  for  the 
rate  of  amplitude  growth  of  a  sinusoidal  profile  is, 


dlnA 

dl 


RT  i 


n’F2  cb{!  -  ^)D 
v  rz  >L 

— s  u  V2 - 


nF 


1  + 


RT  k  u) 


nFiL(l  -  ±) 

»L 


2  v  ur 

oF 


RT  k  u / 

i  oF  a 


where  u>  is  the  spatial  frequency  of  the  profile,  u  the 
molar  volume  of  metal,  k  the  solution  conductivity,  6 
the  surface  free  energy,  cb  the  bulk  ion 
concentration  and  ij  the  limiting  current  density.  If 
w  is  taken  as  the  characteristic  dimension,  the  la«;r 
two  terms  in  the  denominator  become  the  Wagner  number, 
Wa,  and  a  concentration  Wagner  number,  Wc, 
respectively  (2). 
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Experimental  studies  of  copper  deposition  were 
carried  out  under  controlled  mass  transfer  conditions, 
and  Fourier  transforms  of  deposit  surfaces  were 
compared  with  predictions  of  the  stability  analysis 
(3).  For  low  amplitude  roughness,  the  analysis 
applies  to  individual  terms  in  the  Fourier 
representation  of  an  arbitrary  surface  profile,  and 
the  predicted  and  observed  protrusion  spacing  may  be 
calculated  by  finding  a  weighted  mean  of  the 
transform. 

Decrease  in  spatial  period  with  increasing 
current  density  and  increase  in  spatial  period  with 
increase  in  fraction  of  Limiting  current  are  correctly 
predicted.  The  predicted  magnitudes,  however,  are 
about  half  those  observed.  Increase  in  amplitude 
growth  rate  is  correctly  predicted  for  approach  to 
limiting  current.  However,  the  amplitude  of 
protrusions  was  observed  to  decrease  with  increasing 
current  density,  rather  than  to  increase,  as 
predicted  by  the  analysis.  Deposits  became  more 
compact  and  finely  textured  as  current  density  was 
increased  at  constant  fraction  of  limiting  current. 
This  result  is  evidently  a  consequence  of  factors  not 
considered  in  the  stability  analysis,  such  as  the 
influence  of  nucleation  density  and  variation  in 
boundary  layer  thickness  over  the  roughened  surfaces. 
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Large  magnitudes  of  these  two  groups  indicate  low 
rates  of  amplitude  growth  or  decay. 
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Figure  1.  Average  spatial  period  of  roughness 
predicted  by  stability  theory  versus  fraction  of 
limiting  current  for  deposition  from  a  l.OM  CuSO 
l.OM  H7SO4  electrolyte  at  50°C  at  0.8  A/cm2. 

Also  shown  are  the  measured  values. 
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l.fW  I12S04  electrolyte  at  50»C  at  80%  of  limitim. 
current.  Also  shown  are  the  measured  values 
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NON  STEADY  STATE  MODELING  OF  TRANSPORT 
CONTROLLED  PLATING  ADDITIVES 

David  Roha  and  Uziel  Landau 

Case  Western  Reserve  University 

Chemical  Engineering  Department 

Cleveland,  Ohio  44106 

In  a  previous  paper  (11  we  have  presented  a 
steady-state  transport  based  model  of  leveling  additives  in 
plating.  Among  other  things,  the  model  can  be  used  to  plot 
plating  maps  which  identify  those  regimes  of  additive 
concentration,  current  density  and  effective  boundary  layer 
thickness  which  lead  to  smooth  deposition  and  those  which  do 
not.  This  model  also  predicts  the  shape  of  the  polarization 
curves  with  additive  present,  as  shown  in  Fig.  1.  Until  now, 
however,  this  model  has  been  strictly  theoretical  and  evaluated 
with  arbitrarily  selected  physical  parameters.  In  order  to  make 
predictions  on  the  behavior  of  real  plating  systems,  the  basic 
physical  parameters  of  the  model,  (i.e.  the  inclusion  constant, 
ki,  the  adsorption  and  desorption  constants,  ka  and  k.».  and 
the  additive  diffusivity,  D,)  must  be  determined 
experimentally 

One  obvious  approach  is  to  obtain  the  parameters  from 
regression  of  the  experimental  polarization  curves  with 
additive  present.  To  demonstrate  this  approach,  we  have 
generated  polarization  curves  for  the  systems  of  sodium  lignin 
sulfonate  and  coumarin  in  the  fluoborate  lead  plating  bath,  by 
linearly  sweeping  the  current.  The  shapes  of  the  curves 
obtained  (e  g.  Fig.  2)  are  somewhat  different  than  those  of  the 
steady  state  model  and  very  dependent  on  the  sweep  rate, 
indicating  that  steady  state  has  not  been  attained.  Although 
in  theory  one  can  always  approximate  steady  state  by  sweeping 
slowly  enough,  this  is  not  always  practical.  For  polarization 
sweeps  lasting  over  several  hours,  the  electrodeposit  may  grow 
significantly,  reducing  the  IR  potential  drop,  and  may  also 
become  rough,  thereby  increasing  its  effective  surface  area. 
Such  growth  related  factors  are  difficult  to  separate  from  the 
additive-kinetic  related  factors  we  wish  to  study.  Therefore  a 
means  to  extract  the  basic  parameters  from  the  non-steady 
state  polarization  behavior  of  additive  systems  is  needed 

As  is  illustrated  in  Fig.  3,  the  processes  of  additive 
diffusion,  adsorption  and  inclusion  are  coupled  in  series. 
Additive  adsorption  has  been  found  to  be  the  rate  determining 
process.  Accordingly,  we  construct  a  quasi-steady  state  model 
with  the  rate  of  additive  diffusion  set  equal  to  the  net  rate  of 
additive  adsorption.  The  change  in  concentration  of  aqueous 
phase  additive  is  slow  enough  to  allow  the  mass  transport  of 
additive,  Nd,  to  be  treated  as  a  steady-state  process: 

Nd  =  P»(C»ipC»i,) 

Here,  Cao  and  Cat,  are  the  interfacial  and  bulk  concentrations 
of  additive,  respectively,  and  6  is  the  equivalent  mass  transport 
boundary  layer  thickness  which  is  treated  as  being  constant 
with  time.  A  mass  balance  on  the  adsorbed  additive  yields 

FW=  [n?#)+(Dj/^f)](1~9)  -(k-<.+kii)0 

where  Tj  is  the  surface  concentration  of  one  monolayer  of 
adsorbed  additive,  9  is  the  surface  coverage  of  additive  and  i  is 
the  current  density  which  is  assumed  to  vary  with  time.  Given 
an  initial  surface  coverage,  one  can  compute  the  coverage  at 
any  later  point  in  time  through  numerical  integration  o?  the 
above  mass  balance. 

We  choose  to  use  fourth  order  Runge-Kutla 
integration.  To  save  computation  time  the  program 
remembers  values  of  9  from  previous  integrations  with  the 
same  set  of  parameters.  The  current  density  value  used  at  any 
given  point  in  time  is  that  experimentally  recorded  during  the 
polarization  sweep.  When  the  time  step  is  too  large,  the 
algorithm  becomes  unstable  and  we  must  subdivide  the 
experimental  time  interval  using  linear  interpolation  With  9 
computed,  the  overpotential  can  be  found  from  the  additive 


blocking  equation: 

i  =  (1— c0)ib(*/) 

where  <  is  the  blocking  efficiency  of  the  additive  and  is 
the  current  density  of  a  bare  additive  free  surface  under  the 
same  overpotential,  r\.  Once  ib(rj)  is  found,  r/  can  be  solved  for 
(explicitly  for  linear  and  Tafel  kinetics,  implicitly  for 
Butler-Volmer  kinetics). 

A  typical  galvanostatic  polarization  curve  with 
coumarin  is  shown  in  Fig.  2,  along  with  the  best  fit  curve  of 
the  non-steady  state  model.  It  should  be  noted  that  although 
there  is  a  peak  in  overpotential  on  the  sweep  up.  there  is  none 
on  the  sweep  down.  This  is  at  odds  with  the  behavior 
predicted  by  the  steady-state  model  shown  in  Fig.  1.  where 
since  the  curve  is  identical  for  both  sweep  directions,  the  same 
peak  should  manifest  during  the  down  sweep  as  well.  This 
may  reflect  the  fact  that  although  additive  can  be  readily 
removed  from  the  surface  through  inclusion,  readsorption  of 
additive  is  an  inherently  slow  process.  Indeed  although  the 
down-sweep  peak  has  not  been  observed  experimentally,  the 
model  predicts  its  appearance  at  extremely  slow  sweep  rates. 

The  non-steady  state  model  also  explains  the  observed 
shifting  of  the  sweep-up  peak  to  higher  current  densities  and 
its  broadening  a*  the  sweep  rate  is  increased.  Also  reproduced 
by  the  model  is  the  shortening  of  the  inclusion  peak  with 
extremely  slow  sweep  rates.  Although  this  model  predicts  the 
occurence  and  size  of  certain  peaks  in  overpotential,  it  still 
does  not  quite  reproduce  the  exact  shape  of  certain  peaks.  We 
believe  that  the  actual  inhibition  mechanism  of  the  additive 
may  therefore  be  more  complicated  than  simple  blocking  of  the 
surface. 

We  should  also  point  out  that  not  all  parameters  can  be 
deduced  from  polarization  curves.  It  is  also  necessary  to 
obtain  the  adsorption  isotherm  of  the  additive  on  the  metal 
surface.  From  the  isotherm  monolayer  surface  concentration. 
Tj.  can  be  obtained.  Although  the  desorption  constant,  k.a, 
can  in  theory  be  obtained  from  the  regression  of  the 
polarization  curves,  its  actual  influence  on  the  experimental 
data  is  so  insignificant  that  its  uncertainty  is  several  orders  of 
magnitude  greater  than  its  own  value.  However  analysis  of  the 
isotherm  also  yields  the  ratio  ka/k.ft  from  which  the  desorption 
constant  may  be  obtained. 
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Copper  and  Additive  Effects  on  Plating  High  Aspect 

Ratio  Through  Holes  in  Printed  Circuit  Boards 

W.  Sonnenberg,  R.  Bernards,  and  G.L.  Fisher 
Shipley  Company,  Newton,  MA 
Introduction 

The  advent  of  surface  mount  technology  is  having  a 
major  impact  on  multilayer  circuit  board 
construction.  Circuit  boards  with  30-40  layers 
and  greatly  increased  circuit  density  will  not  be 
uncommon  in  the  future.  In  order  to  gain  the 
maximum  board  real  estate,  through  hole 
diameters  will  be  limited  only  by  drilling 
technology.  It  is  generally  accepted  that  the  hole 
center  to  surface  thickness  ratio  in  thick,  high 
aspect  ratio  PC  boards  must  exceed  0.67:1(1). 
Thus  electroplating  of  high  aspect  ratio  holes  in 
thick  PC  boards  poses  a  difficult  challenge  to 
electrochemists. 

This  investigation  was  initiated  to  clarify  the  role 
of  plating  additives  in  the  electrodeposition  of 
copper  in  high  aspect  ratio  through  holes,  which  is 
still  unclear  (1,2). 

Exaerimental 

It  is  well  known  that  throwing  power 
measurements  are  strongly  dependent  upon  cell 
geometry.  Therefore  a  device  to  roughly  simulate 
plating  conditions  within  a  through  hole  was 
constructed  as  follows.  Two  parallel  stainless 
steel  plates,  approximately  7  cm  x  10  cm  and  1  cm 
apart  were  suspended  in  a  small  plating  tank.  An 
exaggerated  hole  was  then  formed  by  the  solution 
/ air  interface  and  a  polymer  block  attached  to  the 
lower  edge  of  the  plates.  Each  plate  had  three 
stainless  steel  strips  1  cm  wide  embedded  iri  it; 
one  at  each  end  and  the  other  at  the  center.  These 
were  electrically  isolated  f'om  the  remainder  of 
the  electrode.  Electrically  isolated  electrodes,  5 
cm  x  7  cm,  were  placed  at  the  ends  of  each  plate 
and  perpendicular  to  it  to  represent  the  surface  of 
a  circuit  board.  Paddle  agitation  of  the  channel 
electrode  was  by  a  motor  and  cam  device  to  give  a 
4  cm  stroke  every  2  seconcis.  Bar  anodes  were 
placed  at  each  end  of  the  tank  25  cm  from  the 
channel  cell. 

Throwing  power  measurements  were  made  by 
applying  a  voltage  to  produce  a  total  cell  current 
of  6  amps  (approx.  20  mA/cm*)  and  measuring  the 
current  flowing  at  each  of  the  isolated  electrodes. 

These  predictions  were  tested  by  plating  high 
aspect  ratio  holes  drilled  in  FR-4  multilayer 
circuit  boards.  The  boards  were  6.0  mm  or  7.9  mm 
thick  with  holes  0.33  mm  in  diameter.  The  holes 
were  prepared  for  electroplating  using  a  standard 
permanganate  desmear  process  followed  by  an 
electroless  copper  deposit  1-2  microns  thick. 
Small  coupons,  2  cm  x  4  cm,  taken  from  each  board 
were  mounted  in  the  central  opening  of  a  10  cm  x 
20  cm  copper  clad  laminate.  These  were  plated  in 
a  65  liter  tank  using  paddle  and  air  agitation. 
After  plating,  samples  were  prepared  for 
metallographic  examination  to  determine  throwing 
power  and  deposit  quality 


Electrochemical  studies  of  the  plating  over¬ 
potential  of  the  various  plating  solutions  was 
conducted  using  a  PAR  273  potentiostat/ 
galvanostat,  a  Pine  Instruments  MSR  speed  control 
and  rotator,  and  a  4  mm  diameter  Pt  disc  rotating 
electrode. 

Results 

The  throwing  power  of  various  acid  copper  plating 
baths  determined  using  the  channel  cell  is  given  in 
Figure  1.  A  maximum  in  throwing  power  occurred 
at  a  specific  copper  metaLsulfuric  acid  ratio  for 
each  level  of  copper  studied. 

This  behavior  was  not  due  solely  to  changes  in 
solution  conductivity  since,  above  200  g/L  of 
sulfuric  acid,  conductivity  varied  only  very 
slightly.  Studies  of  the  cathodic  polarization 
behavior  of  these  solutions  indicated  a  strong 
relationship  between  throwing  power  and  the 
magnitude  of  the  plating  overpotential. 

Predictions  of  throwing  power  from  the  channel 
cell  when  various  carriers  were  added  to  a  plating 
bath  containing  30  g/L  CuS04  5  H,0,  300  g/L 
H2S04,  and  50  mg/L  HCI  are  shown  in  Figure  2.  The 
maximum  throwing  power  is  dependent  upon  the 
carrier  type  and  current  density.  These  and  other 
carriers  were  added  individually  to  the  above  bath 
to  plate  high  aspect  ratio  holes  in  the  PC  boards. 
The  surface  current  density  was  maintained  at  12 
mA/cm2.  As  shown  in  Figure  3,  the  current  density 
at  the  center  of  the  hole  varies  widely  depending 
upon  carrier  type. 

Two  component  additives  containing  a  brightener 
and  a  carrier  were  also  investigated.  Depending 
upon  the  brightener  employed,  the  Ihrowing  power 
either  remained  the  same  as  that  obtained  with 
the  carrier  alone  or  became  worse.  Again,  a  strong 
correlation  was  observed  between  an  increase  in 
throwing  power  and  the  magnitude  of  the  shift  in 
plating  overpotential  caused  by  the  additive. 
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Figure  1 .  Channel  Cell  Prediction  of  Throwing  Power  of 
Various  Acid  Copper  Plating  Baths 


Figure  2.  Effect  of  Various  Carriers  on  Throwing  Power  of 
an  Add  Copper  Plating  Bath 
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Figure  3.  Current  Density  at  the  Hole  Center  as  a  Function 
of  Carrier  type.  Hole  aspect  ration  1 8:1 
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Secondary  Current  Distribution  and  Propagation 

of  A  Wavy  Electrode:  Two-Dimensional  Model 

Shih-Liang  Chiu  and  J.  Robert  Selman 
Department  of  Chemical  Engineering 
Illinois  Institute  of  Technology 
Chicago,  IL  60616 

The  surface  of  most  electrodes  used  in  electrochem¬ 
ical  deposition  is  usually  not  smooth,  either  on  a  macro¬ 
scopic  or  on  a  microscopic  scale.  The  surface  roughness 
may  be  caused  by:  (1)  surface  pretreatment,  e.g.,  me¬ 
chanical  polishing  or  electropolishing;  (2)  preferential  nu- 
cleation  and  growth  sites  (dendrite  formation)  or  preferen¬ 
tial  dissolution  sites  (corrosion  pitting);  (3)  hydrodynamic 
effects  (e.g.,  spiral  formation  at  a  rotating  disk  electrode). 
Usually,  the  surface  roughness  or  profile  has  a  certain  peri¬ 
odicity.  The  current  distribution  at  such  “wavy”  surfaces 
is  of  interest  since  their  propagation  is  very  inportant  in 
applications  such  as  surface  finishing,  electrowinning  and 
battery  charging. 

Because  its  relevance  for  zinc/bromine  batteries(l), 
the  parallel-plate  flow  electrode  is  studied  in  this  paper. 
The  secondary  current  distribution  and  the  propagation 
of  a  two-dimensional  surface  with  small  amplitude  to  wave 
length  ratio  is  analyzed.  Different  shapes  of  electrode  pro¬ 
file  are  also  studied.  The  effect  of  the  corrosion  reaction 
on  the  amplification  or  leveling  of  the  profile  is  of  special 
interest. 

In  the  following  analysis,  a  2-D  wavy  working  elec¬ 
trode  (WE)  of  profile  yw  =  /(x),  wave  length  A,  and  a  flat 
counter  electrode  (CE)  of  infinite  length  (see  Figure  1)  is 
used.  The  CE  is  assumed  to  be  nonpolarizable.  The  po¬ 
tential  between  the  WE  and  the  CE  ($«,)  is  kept  constant 
(potentiostatic  control).  Applying  conservation  of  current 
to  the  bulk  electrolyte,  the  secondary  current  distribution 
problem  can  be  described  by  the  Laplace  equation  with 
the  appropriate  boundary  conditions.  Once  the  current 
distribution  is  known,  the  propagation  of  the  WE  can  be 
calculated.  The  detailed  numerical  analysis  is  given  in 
Reference  [2]. 

Figure  2  shows  the  primary  current  distribution  at 
the  peak  (»p)  and  the  valley  (*„)  of  a  sinusoidal  surface  as 
a  function  of  its  amplitude-to-wave-length  ratio  (fc/A). 
The  CE  is  assumed  to  be  located  infinitely  far  away.  For 
comparison,  the  perturbation  solution  obtained  by  Fed- 
kiw[3]  is  also  plotted.  As  the  surface  amplitude  is  in¬ 
creased,  !„  becomes  smaller  and  approaches  zero  as  ex¬ 
pected.  In  other  words,  the  “potential  shadowing”  effect 
is  important  even  v  hen  fc/A  is  relatively  small  (ss  0.2). 

Using  results  obtained  by  Thorsness  and  Hanratty[4], 
the  limiting  corrosion  current  distribution  along  a  sinu¬ 
soidal  surface  wiih  flow  in  the  transverse  direction  may 
be  calculated.  Figure  3  shows  the  surface  propagation  ve¬ 
locity  (i,  -  i»)  as  a  function  of  am  for  different  fc’s.  a*  is 
the  dimensionless  wave  length,  A/(i//u*),  where  u  is  the 
kinematic  viscosity  and  u*  is  the  friction  velocity.  The 
coulombic  efficiency  in  the  present  study  is  fixed  at  about 
80%.  It  should  be  noted  that  when  u*  (i.e.,  the  Reynolds 
number)  increases,  the  corresponding  or*  decreases.  As  is 
clear  from  Figure  3,  the  presence  of  the  corrosion  reaction 
will  retard  the  growth  of  the  profile  only  above  a  certain 
o*  value.  At  high  convection  rates  (small  o*),  the  profile 
will  grow  faster  in  the  presence  of  corrosion  than  without 
corrosion. 


The  propagation  history  of  a  sinusoidal  surface  with 
initial  amplitude  (divided  by  wave  length)  0.001,  is  shown 
in  Figure  4.  The  apparent  tip  radius  of  the  profile  (at  x=0) 
increases  with  time  (broadening  at  the  peak  compared 
to  original  sine  wave).  This  is  largely  due  to  the  lateral 
deposition  around  the  peak.  The  current  distribution  of  a 
profile  with  original  amplitude  k  cos  +  cos2irx) 

(see  Figure  5),  is  shown  in  Figure  6  for  k  =  0.05  and  0.1. 
This  profile  is  characterized  by  a  sharper  peak  (at  x=0) 
and  an  extended  smooth  valley  (at  x=0.5).  Because  of  the 
increase  in  current  when  x  is  greater  than  0.25,  prolonged 
deposition  results  in  the  appearence  of  a  secondary  peak  at 
x=0.5  (sec  Figure  7).  This  behavior  clearly  demonstrates 
that  the  “potential  shadowing”  effect  has  a  limited  range, 
in  this  case,  limited  to  the  protruding  part  of  the  surface. 
The  region  out  of  the  range  of  this  effect  will  grow  faster 
than  the  region  within  the  range. 
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Figure  2.  Primary  current  distribution  at  a  sinusoidal  sur 
face. 
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Figure  3.  Propagation  velocity  of  a  sinusoidal  surface  in 
the  presence  of  corrosion.  The  dashed  lines  indi¬ 
cate  propagation  when  corrosion  is  absent. 


Figure  4.  Propagation  history  of  a  sinusoidal  surface  of  ini¬ 
tial  amplitude  0.001  (normalized  to  A). 


Figure  6.  Secondary  current  distribution  for  the  profile 
shown  in  Fig.  5. 


Figure  7.  Propagation  history  of  the  profile  shown  in  Fig.  5 
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It  has  long  been  recognized  that  a  geometry 
with  a  nonuniform  primary  current  distribution  is 
less  than  ideal  for  measuring  the  kinetic  rate  con¬ 
stants  of  an  electrochemical  reaction  [1], 
Nevertheless,  there  may  be  practical  reasons  for 
using  such  geometries.  This  talk  shows  quantita¬ 
tively  the  effects  that  nonuniform  distributions  can 
have  on  interpretating  kinetic  data,  assuming  that 
ohmic  correction  is  made  by  the  interruption  of 
current . 

The  difficulty  in  interpretation  is  caused  by 
an  uncertainty  due  to  the  current  interrupter  method 
and  the  inability  to  measure  a  local  current  den¬ 
sity  Elaboration  on  these  phenomena  can  be  found 
in  Newman  [2]  and  in  Tiedemann  et  al.  (3].  This 
shows  how  the  exchange  current  density  and  the 
charge  transfer  coefficient  can  be  obtained  from  the 
average  current  density  and  an  apparent  surface 
overpotential . 

Results  are  given  for  Tafel  kinetic  measure¬ 
ments  taken  on  a  rotating  disk  electrode  for  three 
reference  electrode  placements.  Additionally, 
results  are  shown  for  measurements  taken  in  the 
linear  and  Tafel  kinetic  regions  in  a  channel 
geometry. 


ln(6) 


Figure  1 .  Correction  to  the  exchange  current  den¬ 
sity  for  three  reference  electrode  placements, 
assuming  a  •»  a 

a  a, app 


Corrections  to  determine  an  exchange  current 
density  from  an  apparent  exchange  current  density 
obtained  with  a  disk  electrode  are  shown  in  figure 
1,  assuming  that  the  transfer  coefficient  is  equal 
to  the  apparent  transfer  coefficient.  Figure  2 
gives  an  indication  of  when  this  assumption  holds. 
8  is  a  dimensionless  average  current  density, 
defined  in  Newman  [4],  except  that  the  apparent 
transfer  coefficient,  obtained  from  experimental 
data,  is  used.  Determining  the  true  kinetic  parame¬ 
ters  from  data  is  discussed  by  West  and  Newman  [5J. 

In  summary,  this  analysis  confirms  suggestions 
that  the  reference  electrode  should  be  placed  far 
from  the  working  electrode  when  possible.  Methods 
are  given  to  determine  the  true  kinetic  parameters 
from  the  apparent  parameters  obtained  from  measure¬ 
ments  without  corrections.  Additionally,  it  is 
shown  when  these  corrections  are  negligible. 
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Figure  2  Correction  to  the  transfer  coefficient 
for  three  reference  electrode  placements  as  a  func¬ 
tion  of  6 
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Increased  complexity  of  electronic  devices  often  requires 
the  design  of  printed  circuits  with  highly  non-uniform 
conductor  line  spacings  and  widths.  Uniform  plating  of  such 
patterns  is  known  to  be  difficult;  thin  isolated  lines  typically 
plate  considerably  faster  than  closely  spaced  lines.  When  the 
deposit  on  isolated  lines  exceeds  the  photoresist  level  it  often 
evolves  into  undesirable  mushroom-like  shape  with  rough 
texture.  Presented  here  is  a  model  that  explains  the  phenomena 
and  provides  design  guidelines. 

The  underlying  reason  for  the  enhanced  deposition  on 
isolated  lines  is  that  they  resemble  line  sinks  offering  lower 
resistance  and  access  to  two-dimensional  transport.  By 
contrast,  dense  line  clusters  resemble  a  planar  electrode 
accessible  only  to  one  dimensional  transport  (Fig.  1).  We 
analyze  here  primary,  secondary  and  tertiary  current 
distributions  and  present  approximate  analytical  expressions 
and  some  numerically  computed  results. 


PRIMARY  DISTRIBUTION 
In  the  absence  of  kinetics  and  transport  limitations,  we 
find  by  conducting  approximate  voltage  balances  on  an  isolated 
line  and  on  the  line  cluster  region: 
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d„  --=£  In  f  + 


Ws 

+  In 


NW  c  K  (1  /cosh*  g) 
2  K(  t  an  h  2g) 
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The  geometric  parameters  are  defined  in  Fig.  1.  The  subscripts 
s  and  c  designate  the  isolated  line  and  the  line  cluster  region, 
respectively.  N  is  the  number  of  lines  within  the  dense  cluster 
and  f  is  the  area  fraction  covered  by  lines  within  this  densely 
patterned  region:  f  =  W  /(W  +  S  );  K(m)  is  the  complete 


elliptic  integral  of  the  first  kind  and g  -  j  N  (W£  +  SC)/4S. 

When  typical  values  are  assigned  to  the  parameters:  d,  =  dc  = 
Ws  =  Wc  =  Sc  =  2  mil,  S  =  40  mil  and  N  =  10,  Eq.  [1]  indicates 


that  the  current  density  on  the  isolated  line  is  2.67  limes  higher 
than  on  lines  within  the  dense  cluster.  This  is  in  excellent 
agreement  with  numerical  computations  (11  Indicating  an 
average  (primary)  current  density  ratio  of  2.66  (Figs.  2  and  3). 


TERTIARY  DISTRIBUTION 
The  disparity  between  secondary  distribution  predictions 
and  experiments  indicate  that  mass  transport  effects  are 
Important  and  tertiary  distribution  must  be  considered. 
Analysis  indicates,  however,  that  the  mass  transport  resistance 
is  small  In  comparison  to  kinetics.  The  key  to  the  seemingly 
contradictory  evidence  is  that  although  mass  transport 
resistance  is  not  dominant  by  itself,  it  does  bring  about 
variations  in  the  surface  concentrations,  which  have,  in  turn,  a 
pronounced  effect  on  the  kinetics.  Since  the  latter  control  the 
deposition  rate,  this  leads  to  significant  differences  in  the 
current  densities.  A  voltage  balance,  accounting  for  kinetics 
and  mass  transport  but  neglecting  the  comperatively  minor 
ohmic  component  yields: 

i  C  W»)  +  7 

131 

Here,  C.  and  C„  are  the  reactant  concentrations  near  the 
s  c 

isolated  and  c)u8tered  line  electrodes,  respectively.  In  deriving 
Eq.  (3)  we  made  use  of  the  relation  iQ  a  C^.  When  we  assign  a 
numerical  value  of  0.5  to  7  (2)  we  find: 

(l,/‘c)  =  (Cs/Cc)0-75  I3’) 


The  surface  concentrations  can  be  determined  by  solving  the 
flow  pattern  within  the  ceil  in  conjunction  with  the  convective  - 
diffusion-migration  equations  (3).  Instead,  we  estimate  the 
surface  concentration  ratio  by  a  relaxation  model  (4)  to  obtain: 
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Introducing  the  former  parameter  values  (S/Wc  =  20,  f  =  0.5), 

Eq.  J4]  predicts  that  the  surface  concentration  on  the  isolated 
line  is  1.72  times  higher  than  on  the  closely  clustered  lines.  Eq. 
|3]  then  indicates  a  current  density  on  the  isolated  line  which  is 
about  1.5  times  higher  than  within  the  cluster.  Fig.  4  shows  the 
current  density  ratio  between  isolated  and  closely  spaced  lines 
as  indicated  by  our  model.  It  is  noted  that  the  current  density 
ratio  is  strongly  influenced  by  the  separation  distance  at  low  to 
moderate  separations,  however,  when  the  separation  distance 
exceeds  about  50  times  the  gap  between  the  close  lines 
(S/Sc  2  50)  further  changes  in  the  current  density  become  small. 


Sparse  line  clusters  can  accommodate  larger  separations  to  an 
isolated  line  than  dense  clusters  while  maintaining  the  same 
current  density  ratio. 
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SECONDARY  DISTRIBUTION 
When  both  kinetics  and  ohmic  limitations  are  important, 
assuming  Tafel  polarization,  the  current  densities  can  be 
'  ‘  "  Itly: 


expressed  implicitly: 
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Here,  x  is  the  electrolyte  conductivity  and  0  the  cathodic 
transfer  coefficient.  When  values  typical  to  copper  plating  are 

Introduced  (*  =  0.55  S/cm,  0  =  0.5  and  I  =  30  mA/cm3)  we 


find  that  the  kinetic  resistance  Is  completely  dominant  and 
consequently  only  marginal  difference  (a  4%)  Is  anticipated 
between  current  densities  on  isolated  lines  and  dense  regions. 
Numerical  secondary  distribution  computations  substantiate 
this  analytical  prediction;  yet,  experimental  observations  are  In 
complete  disagrttmcnt  with  this  result. 
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....  ,  Fig.  2:  Enui potential  lines  primary  distribution  in  pattern 

Fig.  1 :  Schematic  section  through  a  patterned  circuit  board  plating  of  line  cluster  (left)  and  an  isolated  line 

indicating  a  dense  line  cluster  (left)  and  an  isolated  (right).  Each  grid  spacing  corresponds  1  mil. 

line  (right).  Potential  lines  are  spaced  0.16  mV  apart.  Numerical 

computations  (1). 
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Fig.  3:  Primary  current  density  distribution  in  pattern 

plating  of  2  mil  lines  in  the  configuration  shown  in 
Figs.  1  and  2.  Height  of  dashed  regions  is  proportional 
to  the  current  density.  Average  current  density  within 

the  clustered  lines  (left)  is  30  mA/cm2.  Numerical 
computations  (1). 


Fig.  4:  Current  density  ratio  between  an  isolated  line  (i c'; 

and  dense  line  cluster  (ic)  as  function  of  a 
dimensionless  separation  distance  S/Sr-  (S  is  lire 

separation  distance  between  the  isolated  line  and 
the  dense  cluster,  Sc  is  the  gap  between  lines 

within  the  dense  cluster).  The  parameter  f  is  the 
fraction  of  patterned  area  within  the  dense  line 
region  (f  =  Wc/Wc  +  Sc). 
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Auxiliary  cathodes,  or  'thieves'  are  frequently 
used  in  industrial  electrodeposition  to  obtain  uniform 
thickness  distribution  (1-4).  The  particular  case  of  an 
auxiliary  electrode  frame  surrounding  a  planar 
substrate  has  found  application  in  the  electronics  in¬ 
dustry  (5).  Such  planar  substrates  are  patterned  by 
photolithography  to  create  metallized  regions  with 
strictly  controlled  thickness  and  properties  that  strongly 
depend  on  local  current  density  (6-11).  In  some  cases, 
a  highly  uniform  current  distribution  (maximum  devi¬ 
ation  of  a  few  percent  from  the  mean)  may  be  required 
to  obtain  an  acceptable  product. 

In  this  study,  numerical  techniques  are  employed 
to  predict  the  effectiveness  of  a  coplanar  auxiliary 
electrode  in  achieving  optimum  current  distribution  on 
a  planar  working  substrate,  hereafter  referred  to  simply 
as  the  cathode. 

Figure  1  shows  a  schematic  cross  section  of  an 
axisymmetric  cell  with  a  coplanar,  concentric  current 
thief  surrounding  the  cathode.  A  gap  of  non¬ 
conducting  material  separates  the  cathode  from  the 
auxiliary  electrode  so  that  each  can  be  independently 
controlled  by  a  galvanostat.  In  the  base  case  chosen 
for  this  study,  the  outer  radius  of  the  auxiliary 
electrode,  rAUX,  is  taken  as  twice  that  of  the  cathode, 
rc,  with  a  gap  size  g  =  0.02  rc.  The  anode  and  the  side 
wall  are  sufficiently  remote  that  their  position  does  not 
affect  the  current  distribution  on  the  cathode. 

Concentration  overpotential  is  assumed  to  be 
negligible  in  the  potential-theory  model.  The  Butler- 
Volmer  equation  for  overpotential  is  assumed  at  both 
the  cathode  and  the  auxiliary  electrode  surfaces.  A 
boundary-element  code  described  elsewhere  (12),  mod¬ 
ified  to  treat  the  three-electrode  problem,  is  employed 
to  solve  the  boundary-value  problem. 

Figure  2  shows  the  change  in  current  distribution 
on  an  axisymmetric  section  of  the  cell,  as  the  average 
current  density  on  the  auxiliary  electrode,  rAUX,  is  al¬ 
lowed  to  vary;  in  all  cases,  the  average  current  density 
on  the  cathode,  ic,  is  fixed.  The  current  distribution  in 
the  case  of  no  auxiliary  electrode  is  solely  dependent 


on  the  Wagner  number,  W,  which  characterizes  the 
electrodeposition  process.  In  the  Tafel  region,  which 
applies  to  virtually  all  industrial  electrodeposition 
processes,  W  can  be  expressed  as: 

W  =  RT  k 

Facicrc 

A  base  value  of  W=  0.25,  typical  of  acid-copper  depo¬ 
sition  at  10  mA/cm1  on  a  125-mm  diameter  substrate, 
has  been  used  in  Figure  2. 

As  a  quantitative  measure  of  current  distribution 
uniformity  on  the  cathode,  the  normalized  root-mean- 
square  deviation  of  the  current  density,  ic  ,  from  its 
average,  ic  ,  is  used: 

Jr=0 

An  algorithm  has  been  developed  to  calculate  iAVX  that 
produces  the  minimum  value  of  o  on  the  cathode  for 
a  prescribed  value  of  ic.  An  optimum  current  distrib¬ 
ution  on  the  cathode  is  thus  obtained,  and  the  effect 
of  various  parameters  of  the  model  on  this  optimum 
has  been  investigated. 

Under  the  conditions  of  the  base  case,  the  value 
of  tAUX  that  achieved  the  best  uniformity  possible  (in 
this  case,  cr  =  0.008)  was  2.13  times  ic.  This  optimum 
value,  however,  depends  on  the  Wagner  number,  W, 
and  on  several  geometric  values  such  as  gap  size, 
auxiliary-electrode  size,  wall  position,  and  anode  posi¬ 
tion.  For  instance,  smaller  values  of  a  can  be  achieved 
as  the  size  of  the  auxiliary  electrode  is  increased.  Fig¬ 
ure  3  shows  the  dependence  of  o  on  the  ratio  of  average 
current  densities,  rAUX/ic,  for  various  sizes  of  the  auxil¬ 
iary  electrode.  In  the  limit  of  very  large  rAUX,  the 
nonuniformity  in  the  optimized  current  distribution  on 
the  cathode  is  largely  confined  to  the  edge  and  can  only 
be  reduced  further  by  reducing  the  gap  size  (Figure  4). 
However,  at  large  values  of  rAUX,  o  becomes  more  sen¬ 
sitive  to  iAUX,  as  shown  in  Figure  3. 

The  optimum  arrangement  of  an  auxiliary  cath¬ 
ode  for  a  particular  application  in  electrodeposition 
depends  on  all  the  variables  mentioned  above,  and  a 
detailed  numerical  analysis  provides  useful  results  for 
the  design  of  such  processes. 
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ANODE 


Fig.  1.  Schematic  cross  section  of  a  cell  with 
concentric  auxiliary  electrode:  computational  domain 
and  boundary  conditions 


Fig.  2.  Secondary  current  distributions  with 
Tafel  polarization  on  the  cathodes  for  various  ratios 
of  average  current  densities  iAuxl'c 


Fig.  3.  The  effect  of  varying  the  ratio  of  average 
current  densities  Uvxftc  on  the  uniformity  over  the 
cathode  with  size  ratio  rAUX  /rc  as  a  parameter 


Fig.  4.  Optimized  current  distributions  on  the 
cathode  for  various  size  ratios  rAVXJrc 
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Modeling  of  current  and  potential  distribution  in 
electrochemical  cells  requires  solving  Laplace's  equation  for  the 
potentials.  This  can  be  achieved  in  a  general  geometry  cell  by  a 
number  of  numerical  techniques  including  finite  difference, 
finite  element,  boundary  integral,  and  orthogonal  collocation. 
The  finite  difference  method  is  particularly  attractive  because  of 
its  speed,  simplicity,  and  robustness  (1).  Its  main  difficulty, 
however,  lies  in  accurately  describing  non-orthogonal 
boundaries  (i.e.  corners  that  are  not  right  angles).  Described 
here  is  a  novel  extension  of  the  finite  difference  technique  which 
enables  accurate  description  of  such  boundaries.  The  method 
has  been  applied  to  modeling  current  and  potential  distributions 
in  general  geometry  (2-D)  electrochemical  cells  and 
implemented  on  various  personal  computers  (2).  Comparison 
with  other  numerical  techniques  has  been  quite  favorable. 

The  basic  concept  embodied  in  the  finite  difference 
method  is  a  current  balance  solved  at  each  point  in  the  grid. 
For  a  point  in  tM  interior  of  the  electrolyte,  the  control  volume 
for  this  current  balance  is  a  square  (unit  depth)  as  seen  in 
Figure  1 .  Ohm’s  law  in  this  setting  takes  the  form: 

i  =  ~k  V  (ft  (1) 

where  i  is  the  current  density,  k  is  the  conductivity,  and  S<f>  is 
the  potential  gradient.  Current  densities  through  each  side  of 
the  control  volume  can  be  calculated  in  terms  of  the  grid  point 
potentials  following  equation  (l).  Multiplying  the  current 
densities  by  the  respective  areas  provides  tne  current  which 
enters  any  one  of  the  faces.  An  iterative  scheme  is  used  to 
adjust  the  potentials  at  each  grid  point  until  the  current  exiting 
eacii  control  volume  is  zero. 

Angular  boundaries  are  typically  handled  in  the  finite 
difference  approach  by  the  'staircase*  approximation  shown  in 
Figure  2.  This  approximation  has  the  following  problems:(l)  it 
distorts  the  shape  of  the  boundary,  and  (2)  it  changes  the 
surface  area  of  the  boundary. 

These  problems  are  substantial  when  the  boundary  is  an 
electrode.  The  shape  distortion  introduces  much  'noise'  into  the 
current  densities  at  each  grid  point  on  the  boundary.  The 
surface  area  distortion  causes  errors  in  calculating  the  kinetic 
and  mass-transfer  effects  at  the  electrode  surface. 

These  problems,  however,  can  be  completely  avoided  by 
applying  the  approach  described  herein.  The  key  is  to  modify 
the  control  volumes  adjacent  to  the  boundary  rather  than  the 
boundary  itself.  Figure  3  shows  a  typical  example  of  these 
modified  control  volumes. 

The  new  technique  is  based  on  conducting  current 
balances  on  these  non-rectangular  elements.  A  potential 
gradient  is  assigned  to  each  face  of  the  non-rectangular 
elements.  The  current  contributions  associated  with  each  of 
these  are  carefully  added  and  interfaced  with  the  boundary 
conditions.  The  potential  assigned  to  a  sloping  electrode 
element  is  determined  by  extrapolation  of  the  grid  point 
potentials.  The  procedure  is  then  incorporated  within  an 
efficient  ADI  (3)  iteration  algorithm. 

Comparison  to  Other  Techniques 

The  method  described  above  was  implemented  on  an  IBM 
PC.  Speed  and  accuracy  were  compared  to  both  a  standard 
finite  difference  technique  and  an  adaptive  finite  element 
technique.  The  geometry  for  this  comparison  was  a 
wedge-shaped  cell  (  Figure  4  ).  The  primary  distribution  has 
Ixien  solved  analytically  (4)  providing  a  standard  for 
comparison.  Table  I  shows  the  results.  It  can  be  seen  that  (1) 
the  new  technique  is  identical  in  speed  to  the  standard  finite 
difference  approach,  and  (2)  the  new  technique  is  an  order  of 
magnitude  faster  than  the  finite  element  program  at  reaching  a 
desired  accuracy. 


Primary  and  tertiary  distributions  of  a  Hull  cell  are  shown 
in  Figures  5-7.  These  calculations  take  about  100  seconds  on  an 
IBM  PC  using  the  method  described  herein.  The  finite  element 
technique  requires  this  much  time  to  execute  on  a  main  frame 
computer  (5). 

Figures  8-10  show  a  cell  which  is  sensitive  to  surface  area 
distortion.  Table  2  compares  the  results  of  the  new  approach  to 
those  of  the  'staircase*  approximation.  The  new  aneular 
technique  accurately  approaches  the  maximum  current  limit 
where  the  staircase  method  fails. 
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Table  1  Speed  and  Accuracy  Comparison 
for  Wedge-shaped  Cel 

Analytical  solution  Dimensionless  Conductance  =  1.279 


Mesh  Interval* 

Dimensionles* 

Calculation 

Conductance 

lime  (seconds) 

12  X  24 

1.248 

27 

24  X  48 

1.2625 

111 

48  X  96 

1.2704 

652 

Angular  ygitoa 

Mesb  interval* 

Dimensionless 

Calculation 

Conductance 

lime  (seconds) 

12  X  24 

1.2856 

33 

24  X  48 

1.2817 

101 

48  X  96 

1.2802 

372 

Refinement 

Termination 

&dtpiWt-fmhc  riemtm  »Yitfln 

Dimensionless 

Calculation 

Threshold 

Conductance 

Nodes 

Time  (seconds) 

2596 

1.307 

33 

12 

15% 

1.287 

329 

140 

10% 

1.2837 

431 

:32 

'Calculations  for  finite  difference  were  performed  on  to  IBM  PC(4.7T  Mb*). 
Finite  element  calculations  were  performed  on  to  IBM  AT  (6-6  Mha). 


Table  2  SuTace  Area  Dletortlon  Corrparteon 

Stabcasa  Anoiiar  Method  Maxbun  Poeefcla 

Total  Cur  ant  Total  Curant  (  Lhi  X  Solace  Area) 

0.9555  0.8991  0.9425 


Fkwe  1 

CXirent  balance  ccntfol  vo*uno 


FHMO  2  Rgua  3 

»(a*a(ep  approx!  nation  non-foe  languor  ccntrol  voUrxjs 


Fig.  4.  Wedge-shaped  geometry  for  speed  and  accuracy 
comparison  (primary  current  distribution) 

Dashed  area  is  proportional  to  the  current 
density . 


Fig.  5.  Hull  Cell  -  primary  current  distribution 


Fig.  6.  Hull  Cell  -  primary  potential  contours 


Fig.  7. Hull  Cell  -  tertiary  current  distribution  with: 
i0  =  1.3  mA/cm2  ;  o,/0  =  0.391  ;  n  =  2  ; 

*Um  =  mA/cm2  ;  k  =  0.26  mho/cm  ;  voltage  =.l  V 


Fig.  8.  Angular  approximation  of  circular  geometry  for 

surface  area  distortion  comparison  -  tertiary  current 
distribution  with:  30  X  25  grid  ;  1cm  grid  spacing 

voltage  =  I V ;  K  =  I  mho/cm;  iQ  =  I  mA/cm2 


a/0  =  0.333  ;  t. 


Urn 


;  50  mA/cm2  ;  n  =  2 


cathode  surface  area  =  6x  cm2 

All  dashed  boundaries  are  insulating. 


Fig.  10.  Staircase  approximation  of  circular  geometry  for 
surface  area  distortion  comparison  -  tertiary  current 
distribution  with  same  conditions  as  Fig.  8. 
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Although  agitation  plays  a  significant  role  in  alloy 
electrodeposition,  very  few  experimental  data  are  available 
in  the  literature  describing  its  effects  on  alloy  composition, 
bath  current  efficiency,  electrode  potential,  and  partial  cur¬ 
rent  densities.  In  this  paper,  we  provide  such  data  for  the 
particular  case  of  NiFe  alloy  plating;  this  system  is  interest¬ 
ing  both  because  of  its  mechanism  (1)  and  because  of  and  its 
relevance  to  computer  storage  technology  (2,  3). 

Studies  of  alloy  plating  usually  require  a  large  number  of 
experiments  to  be  performed  including  analysis  of  the  thick¬ 
ness  and  composition  of  the  plated  alloy-films.  We  have  re¬ 
cently  demonstrated  (4)  that  a  Rotating  Ring-Disk  Electrode 
(RRDE)  can  be  conveniently  used  for  this  purpose,  in  place 
of  instruments  such  as  Electron  Microprobes  or  Atomic  Ab¬ 
sorption  /  Inductively  Coupled  Plasma  Spectrometers.  The 
use  of  a  RRDE  allows  plating  to  be  done  on  the  disk  under 
well  characterized  hydrodynamic  conditions,  while  the  alloy 
composition  and  bath  current  efficiency  can  be  determined 
by  exploiting  the  collection  property  of  the  ring  (4). 

In  this  study  NiFe  alloys  were  plated  from  a  chloride-based 
solution  described  in  References  2  and  3.  It  contained  0.5 
M  NaCl,  0.4  M  H,BO„  0.2  M  NiCl„  and  0.005  M  FeClj 
acidified  to  a  pH  of  3  with  HC1.  All  plating  runs  were  done 
galvanostatically  at  25  *C. 

Figures  1  and  2  show  the  effect  of  rotation  speed  and  total 
plating  current  density  on  the  composition  of  the  plated  film 
and  the  current  efficiency  of  the  solution,  respectively.  It  is 
seen  that  both  parameters  play  a  significant  role;  any  alloy 
composition  between  roughly  5  and  40  wt  percent  Fe  can 
be  obtained  from  this  plating  solution  by  selecting  the  cur¬ 
rent  density  and  agitation  conditions;  similarly,  the  current 
efficiency  varies  roughly  between  20  and  100  percent. 


The  polarization  behavior  of  each  reaction  involved  in  the 
NiFe  plating  system  is  seen  in  Figures  3,  4,  and  5  for  Ni  de¬ 
position,  Fe  deposition,  and  Hj  evolution,  respectively.  In 
Figure  3,  the  kinetics  of  Ni  deposition  when  it  co-deposits 
with  Fe  are  compared  with  the  kinetics  of  the  same  reaction 
when  it  occurs  from  a  solution  identical  to  the  one  described 
above  without  the  Fe  salt.  It  is  seen  that  Ni  deposition  is 
inhibited  by  Fe  co-deposition  and  this  effect  manifests  itself 
as  a  shift  of  the  Tafel  line  in  the  cathodic  direction.  The  shift 
depends  on  agitation  but  only  in  the  region  where  the  Fe 
deposition  reaction  is  influenced  by  mass  transport. 

The  kinetics  of  the  Fe  deposition  reaction  is  shown  in  Figure 
4.  Due  to  the  preferential  deposition  of  Fe  and  to  the  low 
concentration  of  Fe2*  in  the  plating  solution,  the  Fe  deposi¬ 
tion  reaction  becomes  mass  transfer  limited  at  sufficiently 
cathodic  potentials  as  witnessed  by  its  dependence  on  agi¬ 
tation  and  relative  insensitivity  to  the  potential.  Examina¬ 
tion  of  the  oxidation  of  Fe2*  ion  in  the  same  solution  reveals 
that  the  diffusivity  of  the  ion  is  the  same  in  both  reactions 
and  equal  to  4.6x  10-*cm2/s. 

Tafel  plots  for  H;  evolution  during  NiFe  deposition  are 
shown  in  Figure  5.  It  is  seen  that  agitation  has  a  significant 
effect  on  the  reaction  rate,  while  the  dependence  on  the  po¬ 
tential  is  weak.  Experiments  conducted  in  a  solution  similar 
to  the  one  described  above  but  without  the  metal  ions  re¬ 
vealed  that  both  H*  and  H20  contribute  to  the  net  rate  of 
Hj  evolution.  Hydrogen  ion  reduction  on  NiFe  becomes 
mass  transport  limited  over  the  same  potential  range  at 
which  NiFe  deposits,  thereby  explaining  both  the  strong  ef¬ 
fect  of  agitation  and  the  weak  dependence  on  the  potential. 
Hydrogen  evolution  rates  on  Ni  and  NiFe  substrates  were 
found  to  be  similar  to  those  obtained  during  Ni  and  NiFe 
deposition. 
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Figure  1:  Composition  of  the  plated  NiFe  film  as  a  function 
of  total  plating  current  density  for  several  rotation  speeds 


Figure  2:  Current  efficiency  of  the  NiFe  plating  solution  as 
a  function  of  total  plating  current  density  for  several  rotation 
speeds 


-0.B  -0.9  -1.0 


Ep/V  vt  SCE 

Figure  3:  Tafel  plot  for  Ni  partial  current 
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Figure  4:  Tafel  plot  for  Fe  partial  current 


Figure  5:  Tafel  plot  for  H,  partial  current 
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ABSTRACT 

The  development  and  upe  of  microelectrode 
assemblies  for  nucleation  studies  is  described. 

It  is  shown  how  this  new  technology  can  be  used  to 
deconvolute  nucleation  and  crystal  growth  rates, 
thereby  revealing  unexpected  properties  of  metal 
plating  processes.  Recent  advances  achieved  by 
the  electrometallurgical  processing  group  at  CSIRO 
Include  the  discovery  of  nucleation  rate  disper¬ 
sion  and  the  first  observations  of  nucleation 
after-effects. 


INTRODUCTION 

Over  the  past  thirty  years,  a  major  problem 
in  studies  of  nucleation  in  electrochemical  sys¬ 
tems  has  been  the  lack  of  a  suitable  method  of 
counting  the  time-varying  numbers  of  crystals  N(t) 
formed  during  the  course  of  a  reaction.  This  is 
an  annoying  problem  because  many  related  par¬ 
ameters  can  be  measured  with  high  accuracy,  such 
as  the  total  reaction  rate  (the  electrical  cur¬ 
rent)  and  the  driving  force  for  nucleation  (the 
electrode  potentials  Yet  in  the  best  crystal- 
countlng  method  reported  so  far  -  the  "double 
potential  step"  method  -  crystals  are  counted  one 
at  a  time  under  a  microscope,  with  the  result  that 
it  is  very  difficult  to  prodjce  accurate  or  even 
statistically  representative  data  11-71.  More¬ 
over,  even  when  sufficient  data  are  accumulated 
for  them  to  be  considered  representative,  there 
remains  the  problem  that  they  may  not  be  directly 
compared  with  the  predictions  of  classical 
theories  of  heterogeneous  nucleation  because 
nucleation  sites  (active  sites)  are  occluded  by 
the  diffusion  zones  of  growing  crystals.  As  a 
result,  the  correct  functional  form  of  the 
experimental  time-dependence  of  the  number  of 
crystals  has  never  been  accurately  determined. 

In  the  present  paper  we  report  a  new  develop¬ 
ment  in  this  field  of  research;  namely,  an  on-line 
computer  method  of  deconvolutlng  N(t)  curves  from 
potentlostatlc  current-time  l(t)  transients,  using 
an  apparatus  which  avoids  the  need  for  microscopy, 
and  which  guarantees  that  nucleation  sites  are  not 
occluded  by  the  diffusion  zones  of  growing  crys¬ 
tals.  The  basic  Idea  is  to  deposit  crystals  on  an 
assembly  of  mtcroelectrodes  which  are  so  far  apart 
that  the  crystals  cannot  interact  in  any  way. 
Besides  removing  the  problem  of  the  occlusion  of 
nucleation  sites,  this  circumvents  three  serious 
difficulties  that  plagued  the  older  method. 
Firstly,  it  is  a  "single  shot"  method  and  so  does 
not  require  a  series  of  separate  measurements  of 
different  durations  to  re-construct  the  N(t»  curve 
point-by-point;  secondly,  it  removes  the  tedium  of 
counting  crystals  one-at-a-tlme  under  a  micro¬ 


scope;  and  thirdly  it  provides  access  to  a  much 
wider  range  of  N(t)  values  than  was  possible 
before. 


EXPERIMENTAL 

Two  microelectrode  assemblies  were  cons¬ 
tructed;  one  consisting  of  2500  carbon  fibre 
microdisks  (each  of  ~8  |im  diameter)  and  the  other 
of  40,000  carbon  fibre  microdisks  (each  of 
~5  urn  diameter).  Both  were  potted  in  a  matrix  of 
non-conducting  epoxy  resin.  A  micrograph  of  part 
of  the  first  one  Is  shown  in  Fig.  1. 


Fig.  1.  Micrograph  of  a  microelectrode  assembly. 
Each  microelectrode  consists  of  the  disk-shaped 
end  face  of  a  carbon  f'bre;  the  matrix  Is  a  non¬ 
conducting  epoxy  resin. 

RESULTS 

Some  typical  data  obtained  using  the  micro¬ 
electrode  assembly  technique  are  shown  in  Figs. 
2-4.  The  results  have  profound  implications  for 
the  modeling  of  electroplating  phenomena;  the  non¬ 
steady  state  of  nucleation  must  be  considered,  and 
a  spread  of  activities  of  active  sites  on  elect¬ 
rode  surfaces  must  also  be  taken  Into  account. 
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rig.  2.  The  number  of  crystals  as  a  function  of  time, _^or  lead  crystals 
deposited  on  carbon  from  an  aqueous  solution  of  2  x  10  M  Pb(Ac)2  a 
mixture  of  0.1M  NaAc  and  0.1M  HAc.  Note  that  the  results  do  not  obey 
the  Bewlck-Flelschmann-Thlrsk  'progressive'  nucleatlon  law. 
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ng-  3.  The  discovery  of  nucleatlon  rate  dispersion.  This  plot  show9 
the  spread  of  nucleatlon  rates  (a)  on  one  electrode,  for  similar 
deposition  conditions  to  those  shown  In  Fig.  2,  except  the  concentration 
of  Pb(Ac)2  was  10" ZM.  Empirically  It  Is  found  that  the  size  of  the 
spread  depends  on  the  nature  of  the  electrode  preparation  procedure. 


Fig.  4.  Experimental  observation  of  a  "nucleatlon  after-effect"  caused 
by  the  continuation  of  nucleatlon  after  the  completion  of  a  brief  pulse 
of  potential.  Nucleatlon  continues  after  a  pulse  Is  switched  off 
because  of  the  relaxation  of  the  cluster-size  distribution  of  sub- 
critical  clusters:  direct  evidence  for  the  validity  of  Volmer's  concept 
of  unstable  clusters  acting  as  "seeds"  for  the  nucleatlon  process. 
System:  as  In  Pig.  2.  Pulse:  -150  mV  for  5  ms.  Growth  potential: 

-40  mV. 
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It  is  a  common  practice  to  electrodeposit  cadmium 
on  high  strength  low  alloy  steels  as  a  protective 
measure  against  corosive  environments  [1].  Unfor¬ 
tunately,  most  of  the  commercially  available  cadmium 
electroplating  baths  codeposit  a  significant  amount 
of  hydrogen  during  the  plating  process  [2].  This 
hydrogen  diffuses  to  areas  of  high  triaxlal  stress, 
enbrfttles  the  steel  and  eventually  leads  to  cata¬ 
strophic  failure  of  parts  during  service  [3]. 

The  surface  finish  and  temper  condition  of  the 
steel,  as  well  as  the  bath  composition  and  elec¬ 
troplating  process  parameters  are  important  factors 
in  determining  the  amount  of  hydrogen  uptaken  by  the 
steel.  These  factors  are  examined  both  experiment¬ 
ally  and  analytically  and  their  effect  on  the  flux 
of  hydrogen  is  explained. 

A  Devanathan  cell  [4]  was  used  to  measure  the  flux 
of  hydrogen  uptaken  by  4340  steel  during  electro¬ 
plating  from  cadmium  baths.  The  steel  samples  were 
quenched  and  tempered  to  three  different  hardness 
levels  and  their  surfaces  were  modified  by  silicon 
carbide  polishing  paper  to  produce  two  different 
surface  finishes.  The  electroplating  process  par¬ 
ameters  were  varied  and  their  effect  on  the  hydrogen 
flux  was  measured  and  explained  in  terms  of  the 
deposit  microstructure  and  the  well  known  barrier 
mechanism  [5]. 

A  computer  program  based  on  the  Caskey  and 
Pilllnger  solution  [6]  of  the  McNabb  and  Foster 
equations  [7]  was  developed  and  used  to  explain 
the  experimental  data  in  terms  of  hydrogen  entry, 
trapping  and  permeation  into  the  steel.  The 
original  model  by  McNabb  and  Foster  was  modified  to 
account  for  limited  mass  transfer  between  the 
steel's  surface  and  the  electroplating  bath  [8]. 
Comparison  of  the  experimental  data  with  computer 
predictions  was  found  to  be  very  difficult  due 
mainly  to  the  large  number  of  trapping  coefficients 
involved. 
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1.  Introduction 

Plating  technology  is  said  to  have  been  bipolariz- 
ed  recently.  The  one  is  a  surface  finishing  technolo¬ 
gy  aiming  anticorrosion,  anti-abrasion  and  glazed- 
finish  etc.,  and  the  other  is  to  manufacture  a  func¬ 
tional  material  using  the  plating  technology.  The 
latter  has  been  a  positive  manufacturing  technology  of 
functional  material  recently,  rather  than  a  plating 
technology,  due  to  the  rapid  development  of  the 
delicate  and  highly  efficient  functionarization,  which 
could  have  been  said  as  one  of  high  technologies. 
From  such  view  point,  the  plating  technology  seems  to 
have  been  in  a  revolutionary  stage.  Under  such 
circumstance,  the  plating  technology  should  take  a 
step  toward  the  positive  manufacturing  technology  of 
functional  material,  apart  from  the  traditional/old 
concept  of  passive  image.  As  the  first  step  toward  a 
positfve  way,  although  it  seems  a  daring  way  of 
thinking,  it  is  recommended  to  aim  an  image-up  of  the 
technology  by  taking  a  new  naming  (such  as  a  "fine 
plating"),  independently  to  the  traditional  ward  of 
"plating  technology".  The  other  view  is  to  take  a 
method  of  study  to  control  the  crystalline  structure 
so  that  the  aimed  physical  properties  can  be  obtained 
by  observing  in  detail  the  plating  film  metal lographi- 
cally  and  crystallographically . 

2.  Crystallographical  study  of  plating  technologies 

"The  physical  property  of  the  plating  film  is 

•directly  resulted  from  its  crystalline  structure". 
The  plating  film  should  never  be  of  a  simple  thin- 
coating,  but  has  a  significant  thickness  micrograph- 
ically,  among  which  we  can  observe  an  extremelv 
interesting  fine  structure.  This  structure  changes 
sensitively  by  even  minor  change  of  the  plating 
conditions.  Such  sensitivity  shall  be  kept  strictly 
in  mind.  Tf  the  structure  changes,  it  Is  quite 
natural  that  the  physical  properties  change.  As  an 
example,  in  the  Photograph  1,  for  the  case  of  a 
crystalline  placing  film  growth,  the  structures  of  the 
surface  and  the  fracture  section  can  be  seen.  At  the 
view  of  the  fracture  section,  a  growth  of  column  state 
crystalline  is  observed,  but  neighbouring  to  the 
substrate,  the  crystalline  has  been  in  a  fine  particle 
state,  which  is  shown  slmulately  In  Fig.  1.  For  the 
case  that  a  plating  film  takes  an  amorphous  structure, 
the  conditions  of  the  surface  and  the  fracture  section 
can  be  seen  in  Photograph  2.  The  structure  differs  so 
much  from  Photograph  1.  Such  differences  of  the 
structure  result  naturally  in  those  of  the  physical 
properties.  The  study  of  plating  technologies  shall 
be  proceeded  considering  what  kind  of  structures  are 
necessary  for  good  plating  films  and  what  kind  of 
conditions  are  necessary  for  platings  to  hold  such 
favourable  structures. 

3.  Amorphous  plating 

Generally  it  is  said  that  the  amorphous  alloys 
have  various  peculiar  properties  which  are  called 
"Dream  Materials"  material lographical ly.  Such  amor¬ 
phous  alloys  can  be  easily  obtained,  too,  by  plating 
methods.  As  chemical  agents  of  glazing,  stress- 
relieving  and  antl-rracklng  for  the  plating  work, 
P,$,B  and  As  etc.  are  often  added  into  the  plating 
films.  These  metalloid  contribute  to  make  finer  the 
crystalline  at  all.  More  the  quantity  of  these 
agents,  the  plating  film  structures  result  ultimately 
in  the  amorphous  state.  The  reason  whv  the  most 


popular  Ni-P  plating  has  the  favourable  properties  as 
well  as  the  high  corrosion-resistance  is  that  this 
plating  film  has  become  an  amorphous  structure.  As 
mentioned  above,  amorphous  alloys  have  various  inter¬ 
esting  physical  properties.  The  biggest  structural 
features  of  this  amorphous  state  are  to  have  been 
uniform  in  chemical  compositions  and  structure  as 
shown  in  Photograph  2.  These  features  hive  been  the 
origin  of  various  interesting  properties.  Even  by  the 
plating  method,  as  indicated  on  Table  1,  various 
amorphous  alloys  are  obtained  and  by  the  study  of  this 
author,  it  has  been  cleared  up  so  far  that  each 
amorphous  alloy  has  respectively  different/peculiar 
physical  properties.  The  amorphous  alloy  manufactur¬ 
ing  method  by  this  plating  technology  has  more  merits 
than  the  other  methods.  I  think  that  the  studies  of 
amorphous  alloy  manufacturing  methods  and  of  the 
applications  are  essential  and  have  to  be  further 
developed  toward  the  future  realization. 

1 ) T.Watanabe:"Crystal lographic  Relationship  between 
Plating  Film  and  Substrate",  J.  Metal  Finishing  Soc , 
of  Japan,  37  (1986)440. 

2) T. Watanabe  &  Y.Tanahe:" Format  Ion  of  Amorphous  bv  Plat¬ 
ing  Techniques",  J.  Metal  Finishing  Soc.  of  Japan,  3.' 
(1481)600. 

3) T. Watanabe: "Amorphous  Plating",  J.  Metal  Finishing 
Soc.  of  Japan,  37  (1487)210. 

4) T. Watanabe: "High  Corrosion  Resistant  Amorphous  Plat¬ 
ing",  .1.  Institute  of  Iron  and  Steel  of  Japan,  7j 
(1987)2180. 

5) T. Watanabe  &  N.Usuzaka: "Amorphous  Plating  — Prepara¬ 
tions  of  Co-Cd  Amorphous  Allov  Film  be  the  Fleet ro- 
plating  Method — ",  Pror.  American  Klectrepl. iters  and 
Surface  Finishing  Soc.,  Inc.  73erd,  Annual  Technical 
Conference-Chicago,  General  Interest  T!,M487)F5. 
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Amorphous  alloys  are  characterized  by  unique  and  highly 
attractive  mechanical,  chemical,  and  magnetic  properties. 
Electrodeposition  potentially  offers  an  easy  one-step  technique 
to  form  monolithic  parts  out  of  amorphous  alloys  with 
appreciable  thickness  and  controlled  shape.  Electrodeposited 
amorphous  alloys  are  extremely  brittle,  as  compared  to  the 
analogous  material  prepared  by  melt-quenching,  which  results 
in  severe  restrictions  on  their  practical  application.  Suzuki  et 
al.  (1)  found  that  the  atomic  and  electronic  structure  of 
electrodeposited  and  melt-quenched  Ni-P  amorphous  alloys 
were  essentially  the  same,  yet  the  electrodeposited  alloy  was 
significantly  less  ductile  than  the  melt-quenched  alloy.  They 
hypothesized  that  hydrogen  may  have  embrittled  the 
electrodeposited  alloy.  Other  researchers  have  found  hydrogen 
embrittlement  in  iron-based  amorphous  alloys  (e.g.,  2,  3)  The 
purpose  of  this  work  is  to  elucidate  the  causes  lor  brittleness  in 
electrodeposited  Ni-P  amorphous  alloys,  determine  the  effect  of 
diffusible  hydrogen,  and  explore  the  effects  of  deposition 
conditions  on  the  ductility  of  Ni-P  amorphous  alloys. 

Low  temperature  vacuum  anneal  (LTV A)  experiments  at 
102  °C  were  conducted  following  the  technique  of  Okinaka  and 
Straschil  (4).  The  hydrogen  content  was  analyzed  using  a 
LECO  RH-2  Hydrogen  Determinator.  Differential  Scanning 
Calorimetry  (DSC)  curves  exhibited  identical  transition 
temperatures  and  energies  throughout  the  annealing  process, 
indicating  that  no  microstructural  changes  were  occurring.  The 
alloys  were  deposited  using  the  bath  composition  and  operating 
conditions  presented  in  Table  1.  The  electrodeposition 
technique  is  detailed  elsewhere  (5).  The  ductility  was  measured 
In  two  ways.  The  first  was  quantitative,  using  a  mechanical 
bulge  tester,  following  Nakahara,  et  al.  (6),  where  results  are 
expressed  in  percentage  elongation  at  fracture.  The  second  was 
semi-quantitative,  in  which  the  sample  was  bent  over  a  very 
small  radius  and  the  angle  at  fracture  was  measured. 

The  results  of  the  LTVA  experiment  are  presented  in 
Figure  1.  As  shown,  the  hydrogen  content  decreases  with 
increased  annealing  time  and  approaches  zero  at  long  times, 
Indicating  that  all  the  hydrogen  is  diffusible.  This  data  can  be 
fit  to  a  model  for  estimating  the  hydrogen  diffusion  coefficient, 
D,  through  the  electrodeposit.  The  system  can  be  described  as  a 
solid  bounded  by  two  parallel  planes,  in  which  the  following 
transport  equation  holds: 

dC  _ner>c 

TK~DWT  I'l 


with  the  boundary  conditions: 


1.  At  x  =  *f,  C  =  0 

2.  At  t  =  0,  C  =  Ci 

3.  At  x  =  0,  =  o 


Solving  equation  [l]  subject  to 
integrating  from  -l  to  t,  we  find; 


the  boundary  conditions,  and 


The  best  fit  diffusion  coefficient  for  the  data  presented  in 
Figure  1  is  4.6  (M.3)  x  10*10  cml/s.  This  compares  well  with 
values  presented  in  tne  literature  for  hydrogen  diffusion  through 
P-  ion  Implanted  nickel,  {D  =  2  x  10*l°  to  8  x  10  ‘°  cm2/s,  (7)), 
but  is  one  order  of  magnitude  larger  than  the  diffusion 
coefficient  reported  for  Allied  Metglas  MBF-60  melt-quenched 
Ni$iP|0  amorphous  alloy,  (£>=2.2  x  10"11  cm 7ja,  (2)). 

The  ductility  of  the  electrodeposits,  measured  by  two 
different  techniques,  as  a  function  of  annealing  time  is  presented 
in  Figure  2.  As  shown,  the  effect  of  annealing  time  (or  hydrogen 
content)  has  very  little  effect  on  the  ductility.  The  results  are 
compared  to  the  ductility  of  the  MBF-60,  which  exhibits  a 
much  greater  ductility.  These  results  indicate  that  diffusible 
hydrogen  has  a  negligible  effect  on  the  ductility  of  Ni-P 
amorphous  alloys. 

To  further  support  this  observation,  ductility  and  tensile 
tests  were  performed  on  hvdrogen  charted  and  as  received 
MBF-60  samples.  The  results  of  the  ductility  and  tensile  tests 
are  shown  in  Table  2  and  are  in  agreement  with  those  reported 


where  C  is  the  total  hydrogen  content  in  the  electrodeposit. 


little  effect  on  the  ductility  of  Ni-P  amorphous  alloys,  although 
a  25  percent  reduction  in  the  ultimate  tensile  strength  was 
observed. 

The  effect  of  deposit  thickness  on  its  ductility  was 
investigated  using  the  bath  composition  and  operating 
conditions  presented  in  Table  1,  except  that  the  pH  was  1.09. 
The  ductility  versus  deposit  thickness  is  shown  in  Figure  3.  The 
data  illustrates  that  ductility  slightly  decreases  with  increasing 
thickness,  opposite  to  the  trend  reported  by  Okinaka  and 
Straschil  (4j  lor  electroless  copper.  This  may  indicate  that 
defects  in  the  deposit  microstructure,  or  the  micros l ructurc 
itself,  may  cause  the  brittleness  observed  in  electrodeposited 
Ni-P  amorphous  alloys. 

A  comprehensive  study  was  conducted  to  explore  the 
effects  of  the  plating  process  parameters  on  the  ductility  of  the 
electrodeposited  Ni-P  amorphous  alloys.  The  microstructure  of 
these  alloys  were  quantified  using  SEM/EDS,  DSC,  x-ray 
diffraction,  and  Transmission  Electron  Microscopy.  Results 
indicate  that  the  microstructure  plays  the  dominate  role  in 
determining  the  ductility  of  electrodeposited  Ni-P  amorphous 
alloys. 
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EFFECTS  OF  HEAT  TREATMENT  ON  THE  STRUCTURE 
AND  PROPERTIES  OF  ELECTRODEPOSITED  AMORPHOUS 
IRON-NICKEL-PHOSPHORUS  ALLOYS 

K.  Sridharan  and  K.  Sheppard 
Department  of  Materials  and  Metallurgical  Engineering 
Stevens  Institute  of  Technology 
Hoboken,  NJ  07030 

In  recent  years  there  has  been  considerable 
research  interest  in  metallic  glasses,  i.e.,  metallic 
alloys  exhibiting  a  metastable  short-range  atomic 
ordering,  but  not  possessing  the  long-range  crystal¬ 
line  ordering  normally  associated  with  metals. 

Metallic  glasses  have  proven  to  have  unusual  or 
superior  properties  compared  to  their  crystalline 
counterparts.  Most  of  the  research  focus  has  been  on 
metallic  glasses  produced  by  rapid  solidification. 
However,  electrodeposition  offers  the  possibility  of 
a  low  cost,  low  temperature  route  to  producing  amor¬ 
phous  metallic  alloy  coatings  or  electroformed  com¬ 
plex  shapes  not  achievable  by  rapid  solidification. 

Autocatalytlcally  deposited  nickel-phosphorus 
(electroless  nickel)  was  in  fact  the  first  metallic 
glass  discovered  and  its  structure  and  properties 
have  been  extensively  studied  [1],  This  material  can 
also  be  produced  by  electrodeposition  with  similar 
properties  [2 J.  Recently  the  electrodeposi tion  of 
iron-nickel-phosphorus  alloys  was  reported  that  were 
amorphous  over  a  wider  range  of  composition  C 3 3 - 
this  paper  we  report  on  the  crystallization  behavior 
on  heating  of  these  metastable  alloys. 

The  Fe-Ni-P  alloys  were  electrodeposited  from  a 
sulfate  bath  containing  sodium  hypophosphite  as  the 
source  of  phosphorus.  Deposition  was  onto  anodized 
titanium  to  allow  easy  stripping  for  characteriza¬ 
tion.  The  effect  of  heating  on  the  crystallization 
behavior  was  studied  for  various  amorphous  alloy 
compositions  by  differential  scanning  calorimetry. 
rv  u«in9  different  heating  rates  it  was  possible  to 
obtain  an  activation  energy  for  crystallization  that 
suggested  that  nickel-rich  alloy  crystallization  was 
dominated  by  nickel  self-diffusion.  For  the  iron- 
rich  alloys  no  simple  diffusion  process  matched  the 
activation  energy  data.  Isothermal  heat  treatments 
were  also  conducted  at  various  temperatures  and  times 
and  the  crystallization  kinetics  evaluated  from  X-ray 
and  transmission  electron  microscopy  data.  Proper¬ 
ties,  in  particular  microhardness,  were  measured  for 
the  amorphous  and  crystallized  materials.  Crystal¬ 
lization  to  the  thermodynamically  stable  phase 
(NiFe)jP  resulted  in  microhardness  increases  from 
about  700  VHN  to  1050  VHN.  These  values  both  before 
and  after  annealing  are  in  the  same  range  as  rapidly 
solidified  metallic  glass  of  similar  composition. 
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One  new  area  of  application  of 
selective  electroless  metal  deposition  is 
deposition  for  fabrication  of  microelectronic 
circuits  (1-3).  In  the  very  large-scale 
integration  (VLSI)  of  microelectronic 
circuits  elements  of  the  conductive  pattern 
are  in  micrometer  dimensions.  These 
dimensions  require  that  the  deposited  metal 
has  fine  structute  and  very  smooth  surface 
topography.  Dimensions  of  the  growth 
features,  in  the  plane  parallel  and  in  the 
plane  normal  to  the  substrate,  must  be  in  the 
sub-micrometer  range.  This  is  the  first 
criterion  for  applicability  of  electroless 
metal  deposition  in  integrated  circuit  (IC) 
fabrication.  The  second  criterion  is 
electrical  resistivity.  It  is  known  that 
films  of  one  and  the  same  metal,  when 
prepared  by  different  techniques,  may  have 
resistivities  varying  by  several  hundred 
percent  (4). 

There  is  a  very  limited  number  of 
published  studies  on  structure  of  electroless 
nickel  (6-8) .  According  to  the  published 
studies  Ni  deposits  have  lamellar  structure, 
or  lamellar  structure  superimposed  upon  a 
columnar  structure.  Average  thickness  is  of 
the  lamellae  is  between  1  and  2  nm 
(5). Lamellae  are  composed  of  fine 
crystallites  with  crystallite  diamter  about 
2  0  A  (6)  .  There  is  no  extensive  study  on 
relationship  between  structure,  solution 
composition,  kinetic  parameters,  and 
electrical  properties  of  electroless  nickel. 
The  purpose  of  this  study  is  to  determine 
this  relationship. 

Both,  structure  and  electrical 
properties  of  the  electroles  deposit,  depend 
on  composition  of  the  electroless  solution. 
In  order  to  understand  the  above  mentioned 
relationship  two  types  of  solutions  were 
used.  In  the  first  type  the  reducing  agent 
was  sodium  hypophosphite  and  in  the  second 
d imethy lamine  borane  (DMAS).  Solutions 
without  and  with  additives  were  used.  The 
effect  of  following  additives  was  studied: 
(NH4)2S04,  K3 [ Co ( ON ) 6 ] , MBT  (  sodium  2- 
mercaptobenzothiazole)  ,  and  Triton  X-100. 
Three  classes  of  substrates  were  used:  (i)  A1 
(1  4®  thick)  sputtered  on  Si02  grown  on  Si 
wafer,  ( ii )  Ti  (ljim  thick)  on  Si  wafer,  and 
(iii)  glass  (microscope  slide).  The  sequence 
of  events  which  occur  as  the  Ni  film 
thickness  is  increased  up  to  2  nm  was 
followed. 


Structure  of  electroless  Ni  parallel  and 
perpendicular  to  the  substrate  was  examined 
by  transmission  electron  microscopy  (TEM) . 
Samples  parallel  to  the  substrate  were 
thinned  by  ion  milling.  Samples  embedded  in 
an  epoxy  resin  were  th in-sect ionned 
perpendicular  to  the  substrate  with  a  diamond 
knife  using  ultramicrotome.  Surface 
morphology  (microtopography)  was  examined  by 
scanning  electron  microscopy  (SEM) ,  TEM 
replica  technique,  and  stylus  measurement 
system.  The  electrical  resistivity  of  thin 
films  was  measured  using  either  a  two-point 
resistivity  probe  or  a  four-point  resistivity 
probe  (4) . 
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ELECTROLESS  PLATED  CoNiReP  THIN  FILMS 
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Perpendicular  magnetic  recording  method 
is  suitable  for  a  high  density  data  storage. 
The  authors  have  attempted  to  prepare  per¬ 
pendicular  magnetic  recording  media  by  an 
electroless  plating  method  and  have  deve¬ 
loped  electroless  CoNiReP  films  with  excel¬ 
lent  characteristics.1-4  The  magnetic  prop¬ 
erties  of  these  films  are  able  to  be  con¬ 
trolled  by  the  plating  bath  factors,2  under¬ 
layers,3  catalyzing  process4  and  so  on.  In 
those  papers,  relationships  between  the 
magnetic  properties  and  the  microstructure 
were  studied.  However,  the  origin  of  the 
anisotropy  has  not  been  discussed  yet.  Thus 
magnetic  and  structural  properties  of  the 
electroless  CoNiReP  films  with  various  com¬ 
positions  were  investigated  to  clarify  the 
origin  of  the  perpendicular  magnetic 
anisotropy . 

The  CoNiReP  films  were  electroless- 
plated  on  Cu  substrate.  The  plating  bath 
composition  is  shown  in  Table  1.  The  film 
composition  was  varied  by  changing  the  CoS04 
conccr.tiacion  in  „/;•  hen.**  and  \  -  dete- 
mined  by  an  inductively  coupled  argon  plasma 
emission  spectrophotometer  (ICP).  Magnetic 
properties  were  measured  with  a  vibrating 
sample  magnetometer  (VSM)  and  a  torque  mag¬ 
netometer  <TM).  Structural  properties  were 
investigated  with  a  scanning  electron  micro¬ 
scopy  (SEM)  and  an  X-ray  diffractometer 
(XRD)  with  Fe  target. 

Figure  1  shows  the  effect  of  CoS04 
concentration  on  the  film  composition.  The 
cobalt  content  in  deposits  increases  with  an 
increase  in  CoS04  concentration  in  the  bath. 
On  the  contrary,  the  contents  of  nickel  and 
phosphorus  decrease  with  an  increase  in 
CoS04  concentration.  The  rhenium  content 
slightly  decreases  with  an  increase  in  CoS04 
concentration.  From  these  results,  it  is 
clear  that  film  composition  of  the  electro¬ 
less  CoNiReP  films  is  able  to  be  varied 
widely  by  changing  the  CoS04  concentration 
in  the  bath. 

Figure  2  shows  the  effect  of  Co  content 
in  deposits  on  the  values  of  saturation 
magnetization,  Ms,  and  uniaxial  anisotropy 
energy,  Ku.  in  Fig.  2  a,  Ms  value  increases 
with  an  increase  in  Co  content  in  deposits. 
On  the  other  hand,  Ku  value,  shown  in  Fig.  2 


b,  increases  upon  risin  .  in  Co  content  and 
shows  the  maximum  value  at  ca .  30  at.%  of  Co 
content,  while  the  value  decreases  sharply 
over  ca.  30  at.%.  Perpendicular  coercivity, 
He  (x) ,  and  perpendicular  anisotropy  field, 
Hk  values  showed  similar  behavior  as  that  of 
Ku  value. 

Figure  3  shows  the  MH-loops,  a,  cross- 
sectional  views,  b  and  XRD  patterns,  c  for 
the  typical  four  samples.  A,  B,  C  and  D, 
with  various  compositions.  Their  composi¬ 
tions  are  shown  in  Fig.  1.  As  shown  in  Fig. 
3  b,  the  cross-sectional  views  of  the  films 
change  from  fine  grainy  condition  to  clear 
columnar  structure  with  a  rise  in  Co  content 
in  deposits.  The  cross-sectional  view  of 
sample  B,  which  shows  the  highest  Ku  value, 
does  not  show  a  clear  columnar  structure. 
From  the  results  of  XRD  analysis,  the  crys¬ 
tallinity  of  hep  Co  raised  upon  increasing 
in  Co  content  up  to  ca.  40  at.%.  However, 
the  Ku  value  decreased  abruptly  over  ca.  40 
at.%.  From  the  results  shown  in  Figs.  3  b 
and  c,  it  is  clear  that  there  are  no  rela¬ 
tionships  between  the  columnar  structure  in 
the  cross-sectional  morphorogy  and  the  crys¬ 
tallographic  properties,  such  as  c-axis 
orientation  and/or  crystallinity  of  hep  Co. 

Among  these  four  samples,  the  highest 
crystallinity  is  observed  for  sample  C. 
However,  the  Ku  value  for  sample  C  becomes 
negative  (see  Fig.  2  b).  On  the  contrary, 
sample  B  with  lower  crystallinity  shows  the 
highest  positive  Ku  value.  The  high  Ms 
value  of  the  former  film  (see  Fig.  2  a)  is 
considered  to  enhance  the  demagnetizing 
field,  and  thus  the  overall  anisotropy  be¬ 
comes  directed  to  in-plane  direction. 

It  is  concluded  that  the  perpendicular 
magnetic  anisotropy  of  electroless  plated 
CoNiReP  films  is  mainly  caused  by  the  mag¬ 
netocrystalline  anisotropy  of  Co  hep  crystal 
and  that  the  smaller  demagnetization  due  to 
the  smaller  Ms  value  enhances  the  an¬ 
isotropy,  leading  the  anisotropy  to  perpen¬ 
dicular  direction. 
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ELECTRODEPOSITION  OF  NI-CO  ALLOYS 
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Electrodeposition  technique  has  been 
widely  used  in  consumer  electronics 
industries  becuase  its  relatively  easy 
processing  and  cost  effectiveness.  In 
this  presentation,  electrodeposition  of 
Ni-Co  and  Ni-Co-Mn  alloys  was 
investigated.  In  an  effort  to  develop  a 
new  "stamper"  for  Videodisc  (trade  name  of 
RCA)  disc  pressing,  elec l r odeposi t ion  of 
Ni-Co  alloys  from  a  sulfamate  bath  was 
explored  to  develop  a  stamp  with  superior 
scratch  resistance.  The  effect  of  the 
solution  Ni/Co  ratios  and  the  current 
densities  applied  on  the  composition, 
hardness,  and  microstructure  of  the 
deposits  was  studied.  Results  indicated 
that,  while  increasing  the  Co  content 
increases  the  hardness  of  the  Ni-Co 
deposit  in  general,  a  drastic  increase 
in  hardness  is  evident  with  the  deposit 
containing  higher  than  5%  of  Co.  Changes 
in  microstructure  from  a  columar  to  a 
laminar  stiucture  was  also  observed 
cor  respondingly . 


The  presence  of  internal  stress  in  the 
deposits  during  the  Ni-Co 
electrodeposition  process  was  detected. 

An  organic  type  stress  reliever  was  added 
to  minimize  this  effect.  However,  the 
deposit  exhibited  thermal  embrittlement 
behavior  after  being  aged  at  500°C  for 
1/2  hr..  This  behavior  was  found  to  be 
attributed  to  the  much  faster  diffusion 
rate  of  sulfur  in  the  deposits  at  an 
elevated  temperature,  and  subsequent 
formation  of  Ni3S2  at  the  grain 
boundaries  of  Ni-Co  deposits. 


To  overcome  this  embrittlement  behavior,  a 
third  element,  Mn,  was  introduced  to  the 
Ni-Co  deposits.  With  approximately  15  g/1 
Mn  added  in  the  electrolyte,  Ni-Co-Mn 
deposits  showed  a  completely  ductile 
fracture  characteristics  after  being  aging 
at  SOO°C  for  1/2  hr. 
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ELECTRODEPOSITION  AND  CHARACTERIZATION  OF 
MULTILAYERED  Cu-Ni  ULTRASTRUCTURES 
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Unusual  and  enhanced  material  properties  can  be 
obtained  by  artificially  tailoring  materials  at  atomic  or 
molecular  levels  with  periodic  one-dimensional  composition 
modulation  (1,2).  Composition  modulated  materials  or 
multilayered  ultrastructures  (MU)  have  been  artificially 
fabricated  by  vapor,  sputter  and  electrodeposition  methods. 
Tensile  strength  enhancements  have  been  observed  for  vapor 
or  elec trodeposi ted  bimetallic  MU,  as  the  layer  thickness  was 
decreased  to  -  0.1  wm  (3,4).  Anomalous  effects,  which  include 
a  maximum  at  a  wavelength  of  -  20A  for  several  mechanical 
properties  of  vapor  deposited  MU,  were  seen  (1,2,3).  Since 
electrodeposition  allows  fabrication  of  relatively  thick  foils 
with  discrete,  epitaxial  layers,  a  previously  reported  method 
of  MU  deposition  from  a  single  electrolyte  (4)  has  been 
modified  and  extended  to  fabricate  MU  with  layers  of  the 
order  of  a  few  angstroms.  For  electrodeposition  of  two  or 
more  metals  from  different,  incompatible  baths  a  new 
method,  based  on  a  thin-layer  flow  cell,  has  been  developed. 

Cu-Ni  MU  foils,  with  total  thicknesses  between  25-50  pm 
and  a  configuration  of  10%  Cu-90%  Ni,  were  elec  trodeposi  ted 
from  a  single  electrolyte,  containing  72-80  g/l  Ni,  37-40  g/1 
boric  acid,  0.15  g/l  SNAP  (sodium  dodecyl  sulfate)  and 
4-13  mM  Cu.  The  method  involves  alternate  deposition  of  Cu 
and  Ni  by  synchronous  modulation  of  solution  mass  transport 
rate  and  the  deposition  current  (or  potential),  at  an  Inconel 
rotating  cylinder  cathode  from  a  common  electrolyte.  The 
electrode  rotation  rate,  current  density,  periodicity  and 
atomic  percent  of  the  two  metals  were  varied  with  computer 
control.  The  catholyte  was  separated  from  the  anolyte  by  a 
fritted,  concentric  inner  compartment.  A  saturated  calomel 
electrode  was  used  as  a  reference.  The  plating  bath  was 
maintained  at  50°C. 

Mechanical  properties  of  MU  are  extremely  structure 
sensitive,  particularly  when  the  layer  thickness  is  reduced  to 
the  order  of  a  few  angstroms.  In  order  to  obtain  smooth 
deposits  with  uniform,  ultrathin  layers  and  reduced  lattice 
defects  and  dislocations,  the  effects  of  plating  parameters  on 
structural  and  mechanical  properties  were  investigated.  The 
deposit  properties  were  considerably  improved  by  eliminating 
Cu  from  the  basal  layer,  limiting  the  Cu  concentration  to 
7-8  mM  during  MU  deposition  and  introducing  a  delay  time 
between  deposition  pulses. 

Tensile  properties  were  measured  with  a  specially 
designed  sample  holder  attached  to  an  Instron  machine.  The 
specimens  were  pulled  to  failure.  The  data  are  plotted  in 
Fig.  1  along  with  that  obtained  for  pure  Cu  and  Ni  foils  plated 
without  pulsing  under  the  same  conditions.  The  tensile 
strength  exhibits  a  maximum  at  a  nominal  Cu  layer  thickness 
of  20a  (180A-thick  Ni  layer).  The  maximum  strength  is  3  and 
4.5  times  greater  than  that  for  homogeneous  Ni  and  Cu  foils, 
respectively,  deposited  continuously  without  pulsing.  This 
curve  is  in  excellent  agreement  with  previous  results  on 
elec  trodeposi  ted  10%  Cu-90%  Ni  foils  with  thicker  layers 
(>  0.1  pm  Cu,  >  0.9  pm  Ni)  (4),  thus  extending  the  results  into 
the  angstrom  regime. 

The  MU  foils  were  characterized  with  SEM,  TEM  and 
x-ray  diffraction.  Cu  and  Ni  layer  formation  was  discernible 
with  SEM  and  TEM  for  relatively  thick  layered  foils  (>  100A). 
These  methods  do  not  allow  satisfactory  resolution  of  few 
angstrom  thick  layers.  X-ray  diffraction  was  used  to  examine 
ultrathin-layered  foils.  The  diffraction  peaks  evidence  a 
strong  (100)  texture  and  coherence  along  a  direction  normal 
to  the  deposition  front.  Satellite  peaks  flankine  the  (200) 
x-ray  diffraction  peaks  were  seen  for  a  9A  Cu-80A  Ni  multi¬ 
layered  foil.  The  satellite  peaks  provide  direct  evidence  for 
the  presence  of  a  superlattice  within  the  layered  material. 


The  multilayers  were  also  found  to  develop  increased  texture 
as  they  are  deposited.  The  outer  half  of  the  elec  trodeposi  ted 
region  was  totally  textured  with  [100]  direction  normal  to  the 
foil  plane.  The  texture  was  much  weaker  for  the  l  iim-thick- 
Ni  basal  layer  deposited  on  a  polycrystalline  Inconel 
substrate. 

Criteria  for  deposition  of  bimetallic  MU  from  a  single 
electrolyte  include  a  mutually  soluble  electrolyte  and  a 
significant  difference  in  the  deposition  and  dissolution 
potentials.  A  method  is  thus  limited  to  a  few  bimetallic 
pairs.  The  thin  layer  cell  was  designed  to  circumvent  these 
limitations.  The  cell  permits  electrodeposition  of  two  or 
more  metals  from  different  electrolyte  baths.  It  provides  an 
ultrathin  (<  100  pm)  liquid  layer  for  deposition  and  a  pumping/ 
switching  system  for  delivery  of  solution  to  the  cell.  This 
cell  is  specifically  tailored  to  the  fabrication  of  discrete 
ultrathin  layered  structures  since:  (1)  it  allows  precise  control 
over  the  number  of  atoms  deposited;  (2)  it  eliminate?-  compli¬ 
cated  mass  transport  effects  by  providing  immediate  access 
to  the  electrode  surface;  (3)  it  assures  layer  p>urity  and  uni¬ 
form  nucleation  (current  distribution);  and  (4)  it  may  be  used 
with  incompatible  bimetallic  pairs.  Preliminary  results 
obtained  with  this  cell  indicate  formation  of  ultrasmooth  and 
coherent  deposits.  Enhanced  tensile  strengths  have  been 
observed  even  for  pure  Ni,  when  deposited  in  a  layered  con¬ 
figuration,  as  compared  to  a  continuously  deposited 
homogeneous  Ni  foil. 
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Fig.  I  Plot  of  ultimate  tensile  strength  vs  Cu  layer 
thickness  for  10%  Cu-90%  Ni  MU  and  for  homoge¬ 
neous  Cu  and  Ni  foils,  elec  trodeposi  ted  under 
similar  conditions. 
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ELECTRODEPOSITION  OF  Ni/SiC  COMPOSITE  COATING 
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Composite  Ni-non  conducting  particles  electro- 
deposits  are  known  for  several  years  (1,2,3).  In 
particular,  Ni-SiC  layers  present  a  good  resistance 
against  wear  and  are,  still  now,  used  in  the  car 
industry  to  coat  the  internal  surface  of  cylinders 
of  aluminium  engine  blocks.  However,  the  mechanism  of 
the  simultaneous  deposition  of  metallic  ions  and 
ceramic  particles  is  not  well  understood.  It  is  gene¬ 
rally  admitted  that  particles  are  positively  charged 
by  adsorbed  cations,  and,  according  to  Guglieoi 

(4),  they  undergo  a  double  step  adsorption  at  the 
cathode  surface.  It  is  experimentally  known  that  a 
vigorous  stirring  of  the  electrolyte  is  necessary  to 
ensure  the  incorporation  of  particles  in  the  metallic 
matrix. 

The  aim  of  this  study  is  to  identify  and  inter¬ 
pret  some  specific  effects  of  various  parameters  onto 
the  rate  of  incorporation  of  particles  in  the  deposit. 
A  special  attention  was  paid  to  hydrodynamical  condi¬ 
tions.  The  cathode  is  a  rotating  disc.  The  electrolyte 
circulates  vertically  in  a  cylindrical  cell  under  the 
effect  of  an  external  pump.  The  velocity  of  the  fluid 
is  Bet  to  be  just  sufficient  to  maintain  the  parti¬ 
cles  in  suspension  and  to  minimize  the  turbulences, 
in  such  a  way  that  the  convection  phenomena  bringing 
the  particles  at  the  cathodic  interface  are  mainly 
due  to  the  rotation  of  the  disc  electrode.  The  elec¬ 
trolyte  is  a  conventional  sulfamate  bath  (pH=4.5  ; 

«  =  50°C)  containing  10  to  100  g/1  of  SiC  particles 
(mean  diameter  =  2lim). 

On  Fig. 1  are  presented  the  variations  of  the  mean 
concentration  a  of  SiC  in  the  deposit  versus  ft.  Two 
regimes  are  clearly  visible. 

-  At  low  rotation  rates  a  increases  with  ft  ;  that  is 
to  say,  with  the  normal  velocity  vz  of  the  fluid  near 
the  surface.  According  to  the  theory  of  the  rotating 
disc  electrode,  in  first  approximation  vz  -  ft^/2  (5). 
At  ft  *  0,  vz  =  0  and  a  is  very  small.  This  result 
illustrates  the  fact  that  migration  and  adsorption 
effects  are  weak  in  front  of  convection  effects. 
According  to  electrochemical  impedance  measurements, 
the  double  layer  capacitance  of  the  cathodic  inter¬ 
face  is  not  significantly  affected  by  the  presence  of 
the  particles,  whatever  the  rotation  rate  and  the 
current  density  are.  Fiber  textures  of  nickel  electro¬ 
deposits  are  also  known  to  be  sensitive  to  adsorption 
phenomena  (6).  However,  addition  of  SiC  have  a  little 
effect  on  the  axis  of  preferred  orientation  (<110>  at 
low  CD,  < 100> at  high  CD). 

-  At  high  rotation  rates,  a  decreases  with  ft.  This 
can  be  attributed  to  the  fact  that  the  mean  residence 
time  tr  of  particle  in  the  vicinity  of  the  electrode 
varies  as  ft“l.  The  centrifugal  ejection  of  particles 
by  the  Stockes ' forces  varies  as  rft  contribute  also  to 
decrease  a.  Effectively,  the  local  concentration, 
measured  along  a  radius  by  X  rays  energy  dispersive 
analysis,  diminishes  versus  r  when  ft  increases  (Fig. 2) 
For  the  same  reason,  only  small  particles  are  embedded 
far  from  the  center.  For  example,  on  the  T.E.M.  micro¬ 
graph  (Fig. 3)  it  can  be  observed,  as  a  black  area,  a 
small  particle  included  inside  a  nickel  grain  charac¬ 
teristic  of  the  <100>  texture. 

On  Fig. 4  are  plotted  experimental  curves  a  vs  the 
current  density  for  various  rotation  speeds.  The  in¬ 
corporation  rate  of  the  particles  is  clearly  potential 
dependent  according  the  previous  hypothesis.  The 
discharge  of  cations  adsorbed  on  the  particles  surface 


is  an  important  Btep  in  the  embedding  process.  How¬ 
ever,  the  shape  of  a/I  curves  depends  also  of  the 
hydrodynamic  conditions.  At  high  ft,  a  decreases  with 
I,  indicating  that  the  discharge  of  adsorbed  cations 
is  slower  than  the  discharge  of  solvated  cations  Ni**. 
Gugliemi  (4)  found  a  positive  slope  of  the  a/I  curve 
but  the  conditions  of  agitation  of  the  bath  were 
certainly  different.  At  low  rotation  speeds,  a  is 
very  small  at  low  current  densities  and  increases 
progressively . 

All  these  results  put  on  evidence  that  the  surface 
concentration  of  particles  before  the  incorporation 
process  is  governed  more  by  the  antagonist  hydro- 
dynamical  effects  tran  by  a  loose  Langmuir's 
adsorption. 
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Dendritic  electrodeposits  are  generally  obtained 
in  the  case  of  a  fast  interfacial  kinetics  and  a  limi¬ 
tation  of  the  growth  rate  by  convective  diffusion  in 
the  electrolyte.  The  radial  current  distribution 
around  the  tips  of  crystals  tends  to  promote  their 
growth  in  the  vertical  direction  (1,2).  The  aim  of  this 
work  is  to  attempt  a  correlation  between  morphological 
feature  of  tellurium  electrodeposits,  as  observed  by 
SEM,  and  kinetic  informations  provided  by  EHD  impedance 
measurements. 


This  technique  consists  in  the  frequency  analysis 
of  the  current  response  £l  to  a  sinusoidal  modulation 
Ait  of  the  rotation  speed  of  the  oisc  t^ectrode  (3). 
According  to  recent  theoretical  calculations ,  EHD  impe¬ 
dances  are  sensitive  to  the  non  uniform  character  of 
the  reactivity  of  an  electrode.  At  low  frequencies,  the 
EHD  response  is  identical  to  that  ot  a  uniform  surface 
whereas  at  high  frequencies,  it  is  similar  to  the  res¬ 
ponse  of  an  isolated  site.  The  frequency  lag  between 
the  two  regimes  is  linked  to  the  average  dimensions  of 
the  active  sites  (4). 


Tellurium  was  potentiostatically  deposited  on  a 
(Ti  or  Ni)  rot  .ing  disc  electrode  from  an  aqueous  , 
solution  of  0.2  M  K2SO4  saturated  with  Te02  (c  <  10’*3 
M/1)  and  maintained  at  85X.  These  conditions  are  simi¬ 
lar  to  that  one  used  for  CdTe  electrodeposition  (5). 

The  mechanical  and  electronic  set  up  were  described  in 
detail  in  (6).  Steady  state  I/V  curves  exhibit  a  pla¬ 
teau  current  between  about  -  0.7  and  -  1  V/SSC  corres¬ 
ponding  to  the  limitation  by  diffusion,  followed  by  a 
fast  current  rise  related  with  hydrogen  evolution  and 
the  development  of  large  fern-like  dendrites. 


The  effects  of_various  parameters  -potential, 
mean  rotation  rate  Cl  y  pil,  held  time  t-  on  both  morpho¬ 
logy  and  EHD  responses  were  investigated  (7).  For 
example,  Fig.  1  and  2  illustrate  the  effect  of  for 
fixed  vaiues  of  potential  (-  0.7  V/SSC)  and  hold  time 
(25 1 ) .  At  high  fi  {Cl  =  600,  900,  1200  rpm)  all  ^e  data 
plotted  in  Bode  coordinates  (phase  <J-  and  normalized 
modulus  versus  the  dimensionless  frequency  p  =  oj/fi  ) 
fall  on  a  single  curve  (corresponding  to  the  theoreti¬ 
cal  response  (dashed  line)  of  a  uniform  surface  for  a 
fitted  Schmidt  number  of  125.  In  this  velocity  range, 
there  is  a  mixed  contro'  of  the  overall  kinetics,  and 
the  deposit  is  made  of  a  dense  packing  of  tiny  crystals 
(Fig.  2a).  For  low  rotation  rate  (Cl  =  60,  120  rpm)  the 
current  is  totally  limited  by  mass  transport.  The  sur¬ 
face  is  covered  by  microdendrites  gathered  in  bushes 
(Fig.  2b).  The  EHD  impedances  exhibit  a  marked  transi¬ 
tion  between  the  IF  and  the  HF  regimes,  typical  of  a 
partially  blocked  surface,  as  predicted  above.  From  the 
measured  frequencies  nd  and  pc  characters ..  1c  of  the 
two  regimes  the  site  dimension  d  is  given  by  : 


d 


?.«3/2r  <py  p/3/2 


where  R  is  the  radius  of  the  disc  electrode. 


The  value  obtained  (*»  40  um)  corresponds  to  the 
size  of  the  bushes  and  not  to  that  one  of  the  indivi¬ 
dual  microdendr i tes. The  transition  between  the  mixed 
control  and  the  purely  diffusional  control,  and  its 
consequence  on  morphology  and  EH0  responses  was  also 
obtained,  at  a  constant  by  changing  the  potential. 


On  the  diffusion  plateau,  the  duration  of  deposi¬ 
tion  is  another  important  parameter  :  for  EHD  impedan¬ 
ces,  whereas  LF  regime  remains  always  identical,  the 
HF  regime  changes  slowly  from  a  uniformly  accessible 
response  (t  <  15  mn)  to  a  pc'tially  blocked  surface 
response  (t  >  20  mn)  (Fig.  3).  According  to  Eq.  1,  the 
dimensions  of  active  zones  are  15  pm  (25  mn),  170  pm 
(40  mn),  500  pm  (2h  30  mn).  Thai  corresponds  to  the 
evolution  of  the  morphology  from  small  bushes  to  large 
caul i f lower-structures  separated  by  deep  valleys 
(Fig.  4). 

This  study  illustrates  the  interest  of  EHD  impe¬ 
dance  technique  to  perform  a  in-situ  detection  of  the 
outgrowth  during  electrodeposition  and  to  provide  an 
average  characteristic  dimension  of  the  space  distribu¬ 
tion.  The  results  presented  here  thoroughly  differ  from 
that  one  obtained  previously  with  CdTe  electrodeposi¬ 
tion.  In  this  last  case,  a  strong  surface  inhibition 
..inders  dendritic  formation  and  the  EHD  impedances  are 
therefore  characteristic  of  a  uniformly  accessible 
surface  (8). 
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INTRODUCTION 

Through  hole  plating  technology  is  an 
important  step  in  manufacturing  of 
multilayer  printed  wiring  boards.  Attaining 
uniformity  and  good  quality  of  the  deposits 
is  critical.  Recent  trends  in  high  density 
packaging  require  increased  numbers  of 
circuit  layers  and  reduced  through  hole 
diameters  for  multilayer  boards.  Thus,  the 
aspect  ratio  of  the  through  hole  is  very  high 
and  it  is  difficult  to  obtain  a  uniform 
thickness  in  such  a  narrow  hole  by 
conventional  electrolytic  plating  methods.  An 
electroless  copper  plating  technique  has  an 
advantage  of  uniform  thickness  of  the 
deposits.  However,  in  order  to  ensure  high 
reliability  of  continuity,  even  in  such  a 
high  aspect  ratio  through  hole,  the  plated 
copper  has  to  withstand  fatigue  damage  from 
thermal  stress  cycles.  For  simplicity,  it  has 
been  considered  that  ductility,  or  tensile 
strength  of  the  copper  deposit  is  of  primary 
importance  in  determining  reliability  of  the 
plated  through  hole.  The  purpose  of  this 
study  was  to  investigate  the  relationship 
between  the  through  hole  reliability  and 
properties  of  electroless  copper  deposits  in 
more  detail. 

EXPERIMENTS 

A  high  temperature  type  EDTA  bath 
containing  2 , 2 ' -bipy ridyl  was  employed  for 
through  hole  metal ization.  Plating  conditions 
(temperature,  pH  and  concentration  of  the 
major  components)  were  varied  under  a  fixed 
basic  composition.  A  5.2mm  thick  glass-epoxy 
copper  clad  laminate,  with  drilled  holes,  was 
used  as  substrate.  Average  thickness  of  the 
plated  through  hole  was  40  urn.  The 
reliability  of  the  plated  through  hole 
continuity  was  evaluated  as  the  number  of  the 
breakdown  cycle  in  thermal  shock  cycle  tests, 
according  to  M1L-STD-202 ,M107 .condition  B. 
Breakdown  of  the  plated  through  hole  was 
detected  by  observation  of  cracks  on  the 
cross-section  of  1  the  through  hole  copper, 
after  the  thermal  shock  cycle  tests.  The 
through  hole  reliability  was  ranged  from  40 
to  over  200  cycles,  under  the  examined 
conditions.  Physical  properties  of  the 

electroless  copper  deposit  were  examined 
using  copper  foils  deposited  on  stainless 
.steel  substrates  with  through  hole  plating 
done  under  the  various  conditions. 

RESULTS 

MECHANICAL  PROPERTIES - Ductility  and  tensile 

strength  were  measured  by  strip  tensile  tests 
under  various  temperatures  (-38°C  to  180°C). 
Ductility  of  the  deposits  ranged  from  10  to 
307«  at  20°C.  A  rough  correlation  was  observed 
between  ductility  and  reliability  of  the 
plated  through  hole.  However  the  breakdown 
occurred  from  40  to  over  100  cycles  at  the 
same  ductility  level.  This  indicated  that 
fliers  were  other  factors  affecting  through 
hole  .eli ability.  Tensile  strength  showed  no 
correlation  wi t h  reliability. 

Fatigue  flex  tests  were  also  carried  out 
at  room  temperature  with  135°  bending,  but  no 


significant  difference  was  detected  between 
samples  having  different  reliability  level. 

IMPURITY  ANALYSIS  -  Inclusion  of  hydrogen, 

nitrogen,  oxygen,  and  carbon  in  the  plated 
copper  were  quantitatively  ana  1 yzed . ( 3 , 6 J 
Hydrogen  content  ranged  from  5  to  50  ppm. 
Oxygen  content  was  several  times  larger  than 
hydrogen,  while  nitrogen  and  carbon  contents 
were  at  almost  the  same  level  as  hydrogen. 
These  impurity  contents  were  about  ten  tidies 
larger  than  those  found  in  pyrophosphate 
electroplated  copper.  But  no  clear 
relationship  between  impurity  contents  and 
reliability  was  observed. 

MICROSTRUCTURE ,M0RPH0L0CY  and  TEXTURE  - 

Microstructures  of  the  electroless  copper 
crystal  were  examined  by  X-ray  diffraction. 
Orientation  of  the  220  lattice  was  observed 
(1,2].  Crystallite  size,  calculated  from  full 
width  of  half  maximum  intensity  of  the 
diffraction  line  was  in  the  range  of  800  to 
1200A .  But  no  significant  relationship  with 
reliability  of  the  through  hole  was  detected 
from  X-ray  diffraction  data.  Pyramidal 
surface  morphlogies  were  observed  by  scanning 
electron  microscope(SEM)  on  every  sample. 

Cross-sectional  texture  of  the  deposits 
was  also  observed  by  SEM.  No  voids  or  defects 
were  observed  for  normal  etching  conditions 
in  any  sample.  However,  after  rapid  deep 
etching  to  about  a  2um  depth,  etch-pits  were 
detected  on  the  cross-section  of  plated 
through  hole  with  low  reliability.  The  number 
of  etch-pits  in  same  sized  cross-sectional 
area  showed  an  inverse  relationship  with  the 
through  hole  reliability.  Results  of  this 
study,  etch-pits  indicated  the  existence  of 
micro-defects  which  related  fatigue  breakdown 
of  the  plated  copper  through  hole.  Residual 
lattice  strain,  defects  or  uneven 
distribution  of  the  impurity  at  the  crystal 
grain  boundary  were  expected  to  promote  the 
local  etching  rate  and  cause  etch-pits  on  a 
cross-section. 

Small  hydrogen  bubble  voids[4-6]  are 
considered  to  reduce  the  ductility  of  the 
electroless  deposits.  However,  in  this  case, 
there  was  no  relationship  between  the  etch- 
pit  formation  and  hydrogen  content  of  the 
copper  deposits.  The  existence  of  micro 
defects,  which  was  detected  by  deep  etching 
of  the  cross-sect  ion ,  did  not  affect  physical 
properties  examined  in  this  study,  but  had  a 
large  influence  on  resistance  to  fatigue 
damage  of  plated  through  holes  caused  by 
thermal  stress  cycles. 
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Electroless  copper  plating  is  a  crucial  step  of  pla- 
ted-through-hole  {PTH)  process  in  the  manufacturing  of 
printed  circuit  boards  (PCBs).  In  the  late  1950s  conven¬ 
tional  electroless  copper  systems  for  subtractive  PCBs 
were  developed.  By  1970s  an  important  advance  came 
with  the  development  of  high  speed  electroless  copper. 

This  process  eliminated  an  electrolytic  flash.  In  the  ear¬ 
ly  1980s  the  demand  of  surface-mounted  devices  has 
been  increased  significantly.  As  a  result,  the  trend  of 
printed  circuit  manufacturing  is  toward  progressively 
finer  lines,  smaller  holes  as  well  as  higher  speed.  The 
fully  additive  process  undoubtedly  provides  an  excellent 
alternative  to  overcome  the  limitation  of  conventional 
boards.  The  circuit  pattern  is  then  produced  by  a  full 
build  of  electroless  rather  than  electroplating  bath.  In 
the  past  two  decades,  a  lot  of  efforts  were  devoted  to 
the  enhancement  of  plating  rate  of  electroless  copper 
(1-4).  A  number  of  studies  have  been  focused  on  the 
mechanical  properties  of  electroless  copper  (5-7).  How¬ 
ever,  as  far  as  the  stability,  plating  rate  and  quality  of 
deposits  are  concerned,  the  existing  processes  are  far 
from  perfect.  More  intensive  research  should,  therefore, 
be  conducted  in  the  future. 

In  this  investigation,  a  systematic  approach  is  per¬ 
formed  to  el'  ..idate  the  effect  of  additives  on  the  mor¬ 
phology  ot  electroless  copper  deposits.  The  plating  bath 
contained  copper  sulfate,  sodium  hydroxide,  formaldehyde 
and  a  stabilizer.  Different  kinds  of  additives  such  as  tar¬ 
trate,  EDTP,  CDTA,  pyridine,  glycine  and  coumarin  were 
chosen  to  investigate  rate  enhancement  effect.  The  mor¬ 
phology  of  copper  deposits  were  studied  by  a  scanning 
electron  microscope  (SEM).  Typical  examples  are  illus¬ 
trated  in  Figs.  1  and  2.  The  surface  composition  of  the 
electroless  copper  were  analyzed  by  scanning  Auger 
micrograph  (SAM).  The  spectra  is  shown  in  Fig.  3. 

Mechanical  properties  measurements  are  carrying  out 
to  further  clarify  the  relationship  among  deposit  quality, 
morphology  as  well  as  quantity  of  additives. 
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Fig.  1  SEM  photo  of  electroless  copper  deposit  from 
bath  with  100  mg  glycine 


Fig.  2  SEM  photo  of  electroless  copper  deposit  from 
bath  with  3  mg  p>ndme 
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Ok.  3  scanning  Auger  micrograph  (SAM)  •>(  Him  - 
troless  copper  deposit  from  hath  with  4.5 
mg  tartrate 
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Pattern  Recognition  Analysis  of  Cyclic 
Voltammetric  Stripping  Curves 

M.  Kendig  and  D.  Anderson 
Rockwell  International  Science  Center 
Thousand  Oaks,  CA  91360 


Background 

Often  a  direct  measurement  of  the  properties  of  a  com¬ 
plex  mixture  or  performance  of  a  complex  process  is  impos¬ 
sible  or  impractical.  This  is  the  case  for  monitoring  in  real 
time  the  strength  of  electrodeposited  copper  from  production 
baths.  It  is  impossible  to  measure  the  tensile  strength  and 
the  %  elongation  for  a  bath  continuously  since  these  values 
can  be  obtained  only  from  time-consuming  mechanical  test¬ 
ing.  However,  previous  research  at  the  Science  Center1 
demonstrated  that  the  rapid  electroanalytical  procedure  of 
cyclic  voltammetric  stripping  (CVS),  which  directly  measures 
electrokinetic  properties  of  the  plating  bath,  relates 
indirectly  to  the  mechanical  properties  of  the  electro- 
deposited  product.  Features  in  the  CVS  curves  correlate  with 
bath  impurities  which  degrade  deposit  properties.2 

The  goal  of  pattern  recognition  is  to  classify  an  object  on 
the  basis  of  indirect  measurements.3  The  general  approach 
has  been  applied  recently  to  electrochemical  problems. •*’*  In 
the  case  of  plating  bath  monitoring  and  analysis,  the  objec¬ 
tive  is  to  classify  the  bath  performance,  as  defined  by 
mechanical  properties  of  the  electrodeposit,  from  electro¬ 
chemical  kinetic  parameters  obtained  from  the  CVS  wave¬ 
form.  Given  a  sufficiently  large  number  of  data  sets  (CVS 
parameters),  pattern  recognition  can  be  used  to  develop  a 
discriminant  in  terms  of  the  CVS  parameters  which  categor¬ 
izes  the  bath  as  being  cither  acceptable  or  unacceptable  with 
regard  to  predicted  electrodeposit  properties.  Clustering 
methods  of  pattern  recognition  can  determine  the  natural 
grouping  of  objects  (a  set  of  CVS  parameters),  thereby 
enabling  a  clearer  understanding  of  how  the  indirectly 
measured  set  of  parameters  relate  to  the  desired  mechanical 
properties.  The  general  approach  of  pattern  recognition  is, 
therefore,  well  suited  for  developing  control  criteria  or 
discriminants  for  plating  baths  based  on  the  electrochemical 
measurements. 

Relationship  of  CVS  to  Deposit  Properties  Using  Pattern 
Recognition 

Figure  l  shows  CVS  waveforms  for  a  Cu  bath  before  and 
after  different  treatments.  The  total  charge  producing  the 
large  positive  current  peak  between  -0.25  to  0  V  represents 
the  anodic  stripping  of  the  copper.  The  R-ratio,  the  ratio  of 
the  stripping  charge  under  electrode  rotation  to  that  under 
static  conditions,  relates  to  the  concentration  of  a  necessary 
bath  additive,  dimercaptothiadiazole.  The  current  shoulder 
of  magnitude  l_xs  or  lQxr,  for  static  and  rotating  conditions 
respectively,  observed  near  1.0  V  results  from  the  oxidation 
of  an  impurity  that  builds  up  in  the  plating  bath.  It  was  found 
that  the  species  giving  rise  to  IQX  may  only  be  removed  by 
inert  anode  dummying,  but  not  by  carbon  and  peroxide 
treating  (Fig.  I). 

To  demonstrate  the  applicability  of  pattern  recognition 
methodology  to  plating  bath  control,  the  features  from  CVS 
waveforms  were  recorded  along  with  tensile  strength  (KPS1) 
and  %  elongation  (%E)  determined  from  foils  generated  on  a 
rotating  cylinder  electrode  (RCE).  Two  production  baths  (A 
and  B)  and  a  laboratory-generated  bath  (S)  were  analyzed.  A 
classification  algorithm  uses  the  nondestructive,  in-process 
bath  parameters  of  (l)  R-ratio,  (2)  1  ,  and  (3)  IQXS  to  predict 

the  resulting  strength  of  the  electrodeposit. 

Each  plating  bath  analysis  is  considered  as  an  event  des¬ 
cribed  by  the  two  labeling  features  (KPSI  and  %E)  and  the 
three  in-process  features  (R-ratio,  IQxr,  Lxs).  Each  plating 
bath  analysis  is  labeled  as  being  a  member  of  one  of  two 
classes  based  on  post-plating  destructive  measurements  of 


tlte  tensile  strength  (KPSI)  and  %  elongation  (%E)  of  the 
specimen.  Class  l  defines  poor  properties  of  96E  <  12.5  and 
KPSI  <  40  and  Class  2  defines  the  passing  properties  of 
%E  >  12.5  and  KPSI  >  40.  Note  that  the  performance  is 
defined  as  demonstrated  here  in  terms  of  both  KPSI  and  %E. 
Description  of  bath  behavior  usually  focuses  on  either  %E  or 
KPSI,  but  not  both.  This  does  not  need  to  be  the  case  when 
one  uses  pattern  recognition  algorithms. 

Using  labeled  data,  i.e.,  sets  of  in-process  features 
(R-ratio,  Ioxr,  I  ),  with  known  KPSI  and  %E  responses,  and 
a  definition  of  tne  ranges  of  KPSI  and  96E  for  each  class,  i; 
the  means  y-:  and  standard  deviations,  o::  for  each  i171 
in-process  feature  distinguishes  behavior  between  the  differ¬ 
ent  classes  and  can  be  assessed  from  a  two-dimensional  pro¬ 
jection  of  the  hyper-volume  of  the  feature  space  defined  by 
the  range  of  standard  deviations  about  the  mean.  From  the 
"training  set"  of  labeled  data,  a  new  set  of  unlabeled  data 
comprising  the  in-process  features  defining  coordinates  for  a 
point  p  in  feature  space  can  be  classified  by  first  determining 
the  normalized  distances,  d,  of  the  point,  p,  in  feature  space 
from  each  class  j: 

dVl(uij-P)2/°2ii 

where  p  is  the  coordinates  of  the  new  data  set  in  feature 
space.  Clearly,  the  new  data,  p,  is  placed  in  the  class  j  which 
minimizes  d:.  Given  sufficient  labeled  data  to  cover  all 
possible  classes  of  interest,  this  approach  can  classify  any 
new,  unlabeled  in-process  data  obtained  directly  from  a  bath 
and,  therefore,  defines  a  discriminant  function.  This  method 
has  been  used  previously  at  the  Science  Center  for  perform¬ 
ing  pattern  recognition  on  acoustic  emission  signals.6 

Results 


Table  l  shows  the  data  (labeling  features  and  in-process 
features)  collected  for  a  number  of  Cu  pyrophosphate  plating 
baths.  Figure  2  shows  the  separation  of  the  two  classes,  using 
two-dimensional  plots  defining  one  standard  deviation  of 
R-ratio  and  lQxr  (Fig.  2a)  or  R-ratio  and  I  (Fig.  2b)  for  the 
two  classes.  As  can  be  seen,  a  low  R-ratio  (R  <  I)  and  high 
I  above  250  uA  places  the  bath  in  Class  l,  the  unacceptable 
class,  while  a  low  l  and  R  ratio  between  1  and  1.2  centers 
the  behavior  within  tne  acceptable  class,  Class  2. 

Clustering  has  also  been  performed  on  the  plating  bath 
data  to  determine  the  natural  groupings  that  the  plating  bath 
analyses  fall  into.  To  do  this,  the  density  of  events  in  the 
space  of  in-process  features  is  determined  from  normalized 
distances  between  each  point.  In  other  words,  the  number  of 
runs  which  are  similar  to  many  others  are  determined.  While 
the  statistical  significance  of  this  information  increases  with 
the  number  of  data  sets  obtained,  we  performed  clustering 
analysis  for  the  24  sets  of  features  listed  in  Table  1.  Using  a 
cluster  volume  of  radius  0.75  normalized  units  in  the 
parameter  space,  three  clusters  as  defined  by  the  parameters 
in  Table  2  were  obtained. 

The  natural  clusters  which  are  observed  provide  a  great 
deal  of  information  about  the  underlying  processes.  For 
example,  a  high  quantity  of  contaminant  as  measured  by  high 
lQxr  and  I  appears  in  Cluster  2,  which  exhibits  a  relatively 
low  value  of  R  (Table  2).  This  suggests  that  the  high  l  and 
Lxs  are  associated  with  depletion  of  the  additive  and  could 
tnerefore  be  a  breakdown  product.  As  stated  previously 
three  types  of  baths  in  this  study  included  two  production 
baths,  A  and  B,  and  a  standard  bath,  S,  made  up  in  the 
laboratory  to  contain  controlled  quantities  of  addnives.  The 
distribution  of  the  resulting  analyses  for  these  three  baths 
appear  in  Table  3.  As  can  be  seen,  none  of  the  laboratory- 
produced  baths  fell  into  Cluster  2  corresponding  to  a  low  R 
ratio  and  high  loxr  and  1QXS  since  a  certain  amount  of  aging  in 
actual  production  must  occur  to  produce  the  high  1  .  Of  the 

three  analyses  from  production  bath  B,  two  coula  not  be 
classified  and  a  third  was  classified  with  the  high  I  low  R 
ratio  (Cluster  2,  Table  2).  1 
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Summary 


Table  2 

Cluster  Analysis 


This  work  demonstrates  a  method  for  rapidly  developing 
criteria,  from  an  indirect  but  easily  made  measurement  on  a 
complicated  mixture  such  as  an  electroplating  bath,  for 
controlling  the  performance  of  the  process.  A  discriminant 
based  on  features  from  the  indirect  measurement  can  provide 
Criteria  for  controlling  the  bath.  For  example,  Figs.  2a-b 
show  the  limits  needed  on  observed  voltammetric  parameters 
to  assure  electrodeposits  of  sufficient  strength.  In  addition, 
Cluster  analysis  classifies  data  into  naturally  occurring  cate¬ 
gories  that  lead  to  further  insights  into  the  interrelationship 
of  process  parameters  and  bath  performance. 
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Results  of  Plating  Bath  Analyses 
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Fig.  1  Cyclic  voltammograms  for  a  copper  pyrophosphate 
bath,  as-received  and  after  different  treatments. 
Electrode  area  =  0.46  cm2. 


Fig.  2  Set  of  parameter  values  (a)  R  and  I0Jcr  and  (b)  R 
and  IQXS  within  one  standard  deviation  about  the 
mean  for  class  l  (KPS1  <  40,  %E  <  12.3)  and  class  2 
(KPS1  >  40,  %E  >  12.5).  Electrode  area  =  0.45  cm2. 
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BY  ELECTROCHEMICAL  DEPOSITION 
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Chicago,  Illinois  60616 


An  electrolytic  method  to  produce  materials 
for  use  in  corrosive  environment  at  high  temperature 
is  illustrated  by  the  deposition  of  molybdenum  and 
molybdenum  carbide  coatings  on  steel  substrates. 

Electroplating  bath  based  upon  molten 
alkali  fluorides  as  solvent  have  been  employed 
successfully  with  refractory  metals  and  compounds. 

High  temperature  and  highly  pure  reactants  are, 
however,  required  for  deposition  of  coherent  coatings. 
Optimization  of  the  plating  procedure  is  thus  neces¬ 
sary  for  future  application  and  commercialization. 

The  electrodeposition  of  molybdenum  from 
a  FLINAK  electrolyte  with  additions  of  alkali  molyb¬ 
dates  was  investigated  using  cyclic  voltammetric, 
chronopotentiometric  and  potential  step  methods. 

A  typical  voltammogram  (Fig.  1)  indicated 
a  rather  large  peak  separation  specific  to  an 
irreversible  deposition  of  the  metal.  The  low  valence 
molybdenum  intermediate  appears  to  be  reduced  at 
relatively  high  overpotentials. 

The  chronopotentiogram  with  current 
reversal  in  Fig.  2,  recorded  at  71.4  mA/cm2,  is  well 
defined  and  shows  two  reduction  and  two  oxidation 
waves.  The  first  cathodic  wave  appears  at  -0.58  V 
and  the  second  at  -0.93  V  vs.  a  platinum  quasi-refer¬ 
ence  electrode.  The  second  wave  is  smaller  than  the 
first  and  is  not  clearly  outlined,  which  makes  the 
determination  of  its  transition  time  difficult.  If 
one  assumes  two  consecutive  charge  transfer  reactions 
(diffusion  controlled)  at  sufficiently  different 
potentials,  the  number  of  electrons  involved  in  each 
step  may  be  estimated.  A  preliminary  result  indicated 
in  this  case  ni  =  n2  =  2. 

Potential  step  data  were  obtained  at  rela¬ 
tively  high  polarization  vs.  platinum  quasi -reference 
electrode  and  for  a  small  range  of  potentials  around 
-1.0  V.  In  the  Fig.  3  the  current  response  at  a 
platinum  electrode  clearly  indicates  the  presence  of 
a  nucleation  process. 

Similar  data  will  be  presented  for  molyb¬ 
denum  and  molybdenum  carbide  deposition  on  various 
substrates,  including  the  effect  of  temperature  and 
other  experimental  parameters. 

Finally, a  possible  mechanism  will  be  sug¬ 
gested  for  the  formation  and  growth  of  both  coatings. 


Fig.  t  Cyclic  voltaimetry  of  NaoMoOa  (2.8x10*^mol  cm-3) 

at  Pt  in  molten  FLINAK  at  630°C.  20  mV/s  vs  Pt  QRE. 


Fig.  Z  Chronopotentiogram  for  the  reduction  of  Na->MoO, 
in  molten  FLINAK  at  630°C.  Current  density 
71.4  mA  cm"F. 


F1S’  3  1nCTO?t^nFLINArKnaft' ’lr3S%.eleCtraCrySUUlZati°n  on  n 


Abstract  No.  349 


Current-  and  Potential-Pulse  Plating  of  Uranium 
Prom  Fused  Chlorides 
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Introduction 

Existing  work  on  the  electrodeposition  of  U  metal  from 
fused  chlorides  (1-3)  has  noted  a  strong  tendency 
toward  dendrite  formation.  Recently  (4],  ve  shoved 
that  dendrite  formation  may  be  avoided  by  application 
of  short  potential  pulses  (cathodic  to  the  U  reference 
electrode)  separated  by  rest  periods  at  zero 
potential. 

This  paper  describes  the  application  of  this  technique 
to  the  plating  of  U  onto  metal  coupons  of  area  A  - 
approximately  6  cm2,  and  some  additional  results  that 
ve  have  obtained  using  bipolar  current-pulse  plating 
15). 

Experimental 

The  two  electrolyte  systems  that  were  used  in  this 
work  were  as  follovs:  1)  a  20  v/o  solution  of  UClj  in 
LiCl/KCl  eutectic,  prepared  as  described  in  Ref.  4;  2) 
a  ternary  eutectic  mixture  of  composition  UCI3  12.0 
m/o  (-42.4  v/o) ;  KC1  58.5  m/o  (-44.8  v/o);  LiCI  29.5 
m/o  (=12.8  v/o),  prepared  by  reaction  of  U  metal  vith 
FeCl2  dissolved  in  a  molten  LiCl-KCl  mixture  of  the 
appropriate  composition.  Experiments  were  carried  out 
at  445°C  vith  electrolyte  1)  and  at  510°C  vith 
electrolyte  2).  The  cathodes  consisted  of  cylindrical 
coupons  of  Ni  and  Cu  vhich,  prior  to  use,  vere 
polished  to  a  1  um  finish. 

The  pulse-plating  signal  vas  applied  using  a 
potentiostat ,  and  a  DC  power  supply  was  used  for 
anodization  and  nucleation  pulses.  Potentials  are 
expressed  relative  to  a  U  reference  electrode  in  the 
same  solution.  Other  experimental  details  are  as 
described  in  Ref.  4. 

Results  and  Discussion 

A.  Controlled-Potential  Pulse-Plating 

These  experiments  vere  conducted  in  electrolyte  1), 
and  involved  application  of  a  plating  potential  of  -75 
mV  for  0.1  ms  followed  by  a  relaxation  period  of  1.0 
ms  at  0  mV. 

On  Ni  coupons,  the  deposits  vere  In  all  cases 
dendrite-free  and  well-bonded  to  the  substrate.  The 
uniformity  of  the  deposit  increased  markedly  when  a 
large  nucleation  pulse  (-706  mAcm-2  for  2s)  was 
applied  before  commencement  of  the  potential  signal. 
The  deposits  on  Cu  vere  also  dendrite-free,  but  tended 
to  become  less  uniform  when  a  nucleation  pulse  vas 
applied . 

Anodization  of  the  Ni  coupons  prior  to  the  nucleation 
pulse  resulted  in  a  slight  improvement  of  the  quality 
of  the  deposit.  In  contrast,  for  Cu  coupons  the 
quality  of  the  deposit  vas  significantly  poorer  vith 
preanodization. 

B.  Controlled-Current  Pulse-Plating 

This  technique  involves  alternate  application  of 
cathodic  current  I.  for  time  tc  and  anodic  current  I 
for  time  t#,  resulting  in  the  removal  of  a  fraction  or 
the  material  deposited  during  the  cathodic  pulse.  The 
reciprocal  of  this  fraction  is 

9  *  Vc'Va 


In  terms  of  the  ratio  of  pulse  lengths  R«tc/tft  and  the 
time-averaged  current  <I>,  the  values  of  I#  and  Ic  are 
given  by 

Ia  -  <I>.(l+R)/(l+q) 

Ic  -  <I> . q( 1+R)/R( 1+q) 

in  vhich  all  currents  are  supposed  to  retain  their 
signs  (negative  -  cathodic,  positive  -  anodic).  The 
remaining  variable  required  for  the  specification  of 
the  experimental  conditions  is  the  cathodic  pulse 
length  tc  or,  equivalently,  the  amount  of  material  to 
be  deposited  during  each  cathodic  pulse.  All 
experiments  vere  carried  out  on  Ni  coupons  in 
electrolyte  2). 

As  in  the  controlled-potential  experiments,  the 
deposits  vere  obviously  polycrystalline,  but  the 
crystals  vere  of  approximately  uniform  size,  and 
coverage  of  the  immersed  section  of  the  coupons  vas 
complete.  Our  results  using  this  technique  suggest 
that  uniformity  ot  coverage  Is  favored  by  use  of  q 
values  close  to  -1.  The  beneficial  effect  of  such  q 
values  can,  however,  be  canceled  out  by  dendrite 
formation  if  the  cathodic  pulse  current  density  ic  • 
Ic/A  becomes  too  large,  and  if  tc  is  not  shortened  to 
compensate  for  the  larger  currents  required.  The 
optimal  range  for  ic  appears  to  be  -20  to  -40  mAcm-2 
and  that  for  ia  30  to  40  mAcm  ,  which  for  R  -  2 
correspond  to  values  of  q  between  -1.3  and  -1.5. 
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Nickel  has  been  electrodeposited  from 
organic  solvents  (ethylene  glycol, 
Diethylene  glycol  and  Triethylene  glycol) 
using  nickel  chloride  and  nickel  sulphate 
separately.  The  highest  cathode  current 
efficiency  has  been  obtained  in  case  of 
ethylene  glycol.  The  effect  of  current 
density,  bath  temperature  and  annealing 
temperature,  on  the  structure  and  physical 
properties  has  been  studied.  In  general, 
deposits  with  improved  physical  properties 
have  been  obtained.  The  microhardness  of 
the  deposits  decreased  with  an  increase  in 
bath  temperature  and  annealing  temperature 
a3  well.  The  decrease  lr.  hardness  due  to 
annealing  has  been  explained  in  terms  of 
lecrystallization  of  grains.  The 
microstructure  examination  of  the  deposits 
by  SEM  and  TEM  showed  some  interesting 
results  with  respect  to  dislocation  and 
texture.  Our  results  are  not  in  agreement 
to  the  observations  reported  by  earlier 
workcrs2-4.  The  observations  have  been 
discussed  in  light  of  the  consequences  due 
to  hydrogen  evolution/ inclusion  in  the 
deposits.  The  adverse  effect  of  hydrogen 
inclusion  in  the  nickel  deposits  has  been 
found  to  be  almost  nominal. 
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Corrosion  of  Electronic  Materials  and  Devices 
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The  corrosion  phenomena  encountered  in  electronic  materials 
and  devices  are  basically  the  same  as  those  found  with  other 
metals  and  alloys,  whether  they  are  electroplated,  rolled,  drawn, 
etc.  However,  the  small  dimensions  and,  in  certain  situations, 
the  applied  voltages  encountered  in  microelectronic  devices  may 
cause  complete  failure  with  only  a  minute  amount  of  corrosion, 
as,  e.g.,  in  the  electrolytic  corrosion  of  conductor  stripes. 
Similarly,  small  amounts  of  atmospheric  corrosion  at  pores  in 
electroplated  contacts  or  connectors  may  lead  to  unacceptably 
high  noise  levels  in  high-reliability  communications  systems. 
Also  dissimilar  metals  in  physical  contact,  such  as  aluminum  and 
gold  at  a  bonding  pad  on  an  integrated  circuit  or  copper  and  gold 
at  the  edge  of  contact  fingers,  may  undergo  galvanic  corrosion 
through  the  formation  of  local  electrochemical  cells. 

Numerous  factors  affect  the  corrosion  of  electronic  materials 
and  devices.  Here,  we  concentrate  on  the  environmental  factors 
and  on  directions  for  future  research  that  may  lead  to  a  better 
understanding  of  these  factors.  We  first  outline  some  problems 
associated  with  the  oxidation  of  electronic  materials,  then  those 
arising  from  the  effect  of  moisture,  and  finally  those  due  to  the 
synergistic  effect  of  moisture  and  contaminants.  Where  possible, 
we  emphasize  applications  to  electroplated  materials.  A  more 
detailed  discussion  is  given  in  references  1  and  2. 

Air  oxidation  is  one  cause  of  corrosion  of  conductors, 
contacts,  and  connectors  in  devices  and  interconnect  systems  and 
of  elements  in  various  thin  film  systems.  For  example,  the 
magneto-optic  properties  of  rare-earth/transition-metal  alloy  thin 
films,  e.g.,  terbium-iron,  are  a  strong  function  of  alloy 
composition.  Degradation  of  these  properties  is  due  to  changes 
in  composition  caused  by  oxidation  (3,4).  Because  of  the  high 
reactivity  of  the  rare  earth  metals,  protecting  these  alloys  from 
oxidation  and  corrosion  is  a  nontrivial  task. 

The  influence  of  moisture  on  the  corrosion  of  most  metals 
and  alloys  is  well  known  but  not  fully  understood.  For  example, 
moisture  usually  accelerates  the  oxidation  of  metals  at  moderate 
temperatures,  e.g.,  nickel  (5).  However,  it  retards  the  oxidation 
of  copper  (6),  Although  both  observations  have  been  explained, 
the  basic  mechanisms  are  not  well  understood.  This  is  also  true 
for  corrosion  of  electronic  devices.  But  here,  the  concern  is  not 
only  for  the  adsorption  of  moisture  on  metals  and  their  native 
oxides  but  also  on  the  dielectric  that  separates  and  insulates 
adjacent  conductor  stripes.  Only  a  few  careful  studies  have  been 
reported  for  the  adsorption  of  water  on  well -characterized 
dielectrics.  Van  et  al.  (7)  looked  at  the  adsorption  of  moisture 
on  clean  a-Al^  and  at  the  effect  of  the  adsorbed  water  on  the 
surface  conductivity  of  the  substrate.  Further  studies  on  different 
well-characterized  substrates  as  a  function  of  relative  humidity, 
temperature  and  controlled  amounts  of  well-characterized 
impurities  need  to  be  undertaken. 

A  few  monolayers  of  adsorbed  water  may  increase  by  several 
orders  of  magnitude  the  surface  conductivity  of  the  dielectric 
separating  two  conductor  stripes.  Then,  if  the  voltage  difference 
between  conductors  is  sufficiently  large  and  the  spacing  between 
them  is  sufficiently  small,  corrosion  can  occur,  as  has  been 
demonstrated  for  gold  conductors  on  integrated  circuits  (8).  As 
conductor  width  and  separations  on  integrated  circuits  decrease, 
this  problem  becomes  more  severe.  At  the  present  time,  these 
dimensions  are  0.8- 1  pm  for  commercial  devices,  and  prototype 
devices  with  0.5pm  dimensions  have  been  built. 


Many  electrical  contacts  and  connectors  are  electroplated 
with  a  noble  metal,  such  as  gold,  to  prevent  tarnishing  and 
unacceptably  high  contact  resistances.  However,  if  the  substrate 
is  exposed  at  the  base  of  pores  or  at  the  edge  of  the  contact  or 
connector,  corrosion  of  the  base  metal  may  cause  failure  if  the 
corrosion  product  migrates  onto  the  contact  surface. 

In  the  presence  of  any  ionizable  impurity  and  water,  an 
electrolyte  solution  will  form  and  may  cause  corrosion.  Most 
electronic  circuits  are  encapsulated  in  plastics,  all  of  which  are 
permeable  to  water  vapor.  Ionic  contaminants  may  be  deposited 
on  the  device  surface  during  manufacturing  or  may  come  from 
impurities  in  the  plastic.  Among  the  many  contaminant  ions  that 
may  be  found  on  a  device  surface,  chloride  is,  perhaps,  the  most 
dangerous.  The  presence  of  chloride  can  lead  to  corrosion  of 
t  'ih  positively-biased  and  negatively-biased  aluminum  by 
destroying  the  protective  native  oxide  (9-11).  Chloride  also 
gives  rise  to  corrosion  of  positively-biased  gold  conductors  (8). 

The  chemistry  and  physics  of  particulate  contamination  is 
beyond  the  scope  of  this  talk.  However,  it  should  be  mentioned 
here  that,  although  large  contaminant  particles  can  readily  be 
filtered  from  the  environment,  small  sub-micron  particles  are 
significantly  more  difficult  to  remove.  As  conductor  dimensions 
and  separations  on  devices  continue  to  decrease,  the  size  of  a 
particle  that  is  large,  relative  to  the  dimensions  of  the  device, 
shrinks.  The  industry  is  rapidly  approaching  the  point  at  which 
it  will  be  necessary  to  avoid  the  presence  of  just  about  any 
particulate  matter  on  the  surface  of  devices.  This  will 
undoubtedly  pose  many  new  challenges  in  device  design  and 
manufacturing  processes. 
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Painted  steel  that  is  expected  to  withstand  severe 
atmospheric  corrosion  conditions  is  conventionally 
phosphated  prior  to  the  application  of  the  paint. 
Phosphated  steels  are  generally  used  in  automotive 
applications,  are  often  used  as  substrates  for  coating 
appliances  and  are  often  used  in  coil  coated  products. 
The  phosphating  process  requires  that  some  bare  steel 
be  available  as  an  anode  for  driving  the  deposition  of 
the  phosphate.  Much  proprietary  research  has  been 
done  to  optimize  the  coverage  of  the  steel  by  the 
phosphate  and  to  control  the  nucleation  and  grain  size 
and  shape  of  the  phosphate  crystals.  The  fact  that 
bare  steel  Is  exposed  after  phosphating  is  shown  by 
the  fact  that  electron  exchange  processes  will  proceed 
on  the  phosphated  surface. 

The  purpose  of  the  studies  reported  herein  was 
twofold:  (1)  to  develop  a  method  for  determining  the 
area  of  steel  not  covered  by  phosphate  and  (2)  to  seek 
principles  that  might  be  utilized  in  developing  a 
superior,  corrosion  protective  system  for  painted 
steel. 

A  non-proprietary  zinc  phosphating  solution  was 
utilized  in  order  that  the  composition  of  the  solution 
could  be  reported.  Such  solutions  yield  lower  cover¬ 
ages  and  larger  crystals  than  proprietary  solutions. 

Tin  was  electroplated  on  phosphated  steel  from  the 
alkaline  bath.  Typical  conditions  were  a  cell  voltage 
of  5.5  V  and  a  plating  time  of  6  s .  The  phosphate  was 
stripped  in  a  chromic  acid  bath  and  the  area  of  the 
substrate  covered  by  tin  was  determined.  Tin  was 
observed  on  30-50%  of  the  steel.  Steel  that  was  phos- 
pnated  and  tinneo  showed  improved  performance  in  a 
scribe  test  and  in  a  typical  automotive  cyclic  test 
after  painting. 

Experiments  using  phosphated  surfaces  electro¬ 
plated  with  zinc,  nickel  and  cobalt  are  incomplete  at 
the  time  of  writing  this  abstract  and  will  be  reported 
at  the  meeting. 
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zinc  alloy  coated  steel  sheet  for  automobiles 
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INTRODUCTION 

Experiments  were  conducted  for  various  zinc 
alloy  coated  steel  sheets  to  investigate 
( i ) the  mechanism  of  under-film  corrosion ,  with 
much  attention  to  its  initial  stage;  and 
(it )  reproducibility  of  the  cyclic  corrosion 
test  to  the  atmospheric  exposure  test. 

EXPERIMENT 

©Specimen  preparation: the  specimens  have  the 
following  surface  structures: 

cold  rolled  steel  sheet/Zn, Zn-Fe  alloy , Zn-Ni 
alloy  coating  layer/chromate, zinc  phosphate 
/paints 

These  were  cross-scribed  before  the  corrosion 
test . 

©Corrosion  test :  (a) accelerated  atmospheric 
exposure  test , (b) cycl ic  corrosion  test (CCT 
test  condition  is  shown  in  Table  1 ) . 
©Analysis:  The  specimens  tested  were  sectioned 
perpendicularly  to  the  scribe,  polished  and 
observed  by  EPMA . 

RESULT  AND  DISCUSSION 

Figure  1  shows  the  EPMA  analysis  results  of 
Zn-Ni  alloy  coated  steel  sheet  subjected  to 
the  atmospheric  exposure  test.  The  observed 
area  is  located  at  the  vicinity  of  the  tip  of 
the  corrosion  and  the  scribe  is  located  at  the 
left-hand  side  of  the  area.  X-ray  images 
indicate  that  Cl  is  selectively  distributed  on 
the  coating  layer  and  that  neither  the  coating 
layer  nor  the  steel  sheet  is  oxidized.  The  SE 
image  indicates  that  the  Cl-covered  coating 
layer  becomes  friable.  These  suggest  that  Zn 
in  the  coating  layer  changed  to  chloride  at 
the  initial  stage  of  the  corrosion.  At  a  later 
stage,  ZnO  was  observed  in  the  corrosion 
layer.  The  above  observations  indicate  that 
Zn  is  transformed  once  into  chloride  and 
subsequently  the  chloride  is  transformed  maybe 
through  hydroxide  into  ZnO.  The  same  result 
was  obtained  also  in  Zn  and  Zn-Fe  alloy  coated 
steel  sheets. 

Figure  2  shows  the  results  of  Zn-Ni  alloy 
coated  sheet  subjected  to  the  CCT.  The  figure 
indicates  that  the  corrosion  behavior  in  the 
CCT  agrees  with  that  in  the  atmospheric 
exposure  test,  which  suggests  that  the 
corrosion  mechanisms  in  both  tests  are 
i dent ical . 
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Table  1  Cyclic  Corrosion  Test 
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Fig.1  EPMA  analysis  of  painted  Zn-Ni 

alloy  coated  steel  sheet  exposed  to 
atmospheric  test 


Fig. 2  EPMA  analysis  of  painted  Zn-Ni 

alloy  coated  steel  sheet  subjected 
to  the  CCT 
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CHARACTERIZATION  OF  NEW  CORROSION  RESISTANT 
NICKBL-ZINC-PHOSPHORUS  ALLOYS  OBTAINED 
BY  ELECTRODEPOSITION 
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The  electrodeposition  of  a  family  of  NiZnP 
alloy  coatings  was  carried  out  at  a  rotating 
cylinder  electrode  at  various  deposition 
current  densities  and  temperatures.  The 
codeposition  of  phosphorus  with  the  various 
phases  of  NiZn  was  investigated  in  our 
efforts  to  enhance  the  corrosion  resistance 
and  paintability  of  the  alloy  coatings. 

Alloy  Composition  and  Current  Efficiency 

The  electrod«posi tion  current  density  was 
varied  between  28  and  950  mA/cmZ  in  the 
temperature  range  45-80#C.  The  deposition  was 
carried  out  from  a  chloride  electrolyte  at  an 
electrode  rotation  speed  of  2000  rpm  and  a  pH 
°f  4.7.  Ammonium  chloride  and  sodium  citrate 
were  used  to  complex  the  metal  ions  in  the 
electrolyte.  Sodium  hypophosphi te  was  used  as 
the  source  of  phosphorus . 

At  least  five  types  of  NiZnP  coatings  were 
identified  using  energy  dispersive  X-ray 
(EDX)  analysis  of  the  deposited  samples  and 
their  compositions  are  shown  in  Table  I.  The 
Varia^ion  alloy  composition  and  current 
efficiency  with  applied  current  density  is 
shown  in  Fig.  1.  An  interesting  feature  of 
the  deposition  process  is  that  at  very  high 
current  densities  (>  0.6  A/cm4*)  the  coating 
composition  is  independent  of  the  current 
density  and  temperature  (*  45° C)  and  yields 
only  the  type  B  coating  which  has  a  super¬ 
saturated  amount  of  zinc  dissolved  in  nickel. 
The  partial  deposition  current  densities  of 
the  alloy  components  and  the  mass  transfer 
coefficient  at  the  rotating  cylinder 
electrode  showed  that  the  deposition  of  zinc 
was  mass  transfer  controlled  at  high  current 
densities  at  all  temperatures.  The  apparent 
current  efficiency,  which  was  not  corrected 
for  the  parallel  electroless  deposition  of 
nickel,  varied  in  the  range  60-92  %  for  the 
various  coatings. 

SEM  and  Auger  Depth  Profile  Studies 

The  SEM  examination  of  the  alloy  coatings 
revealed  four  morphology  types.  The  deposit 
microstructure  depended  more  on  the  depo¬ 
sition  current  density  than  the  temperature 
or  uhe  deposit  composition.  The  coating  type 
B  did  not  show  any  grain  structure  even  at 
very  high  magnifications,  but  showed  micro¬ 
cracks  probably  caused  by  lattice  distortion 
due  to  the  presence  of  a  supersaturated 
amount  of  zinc  in  nickel .  The  Auger  analysis 
of  the  coatings  B,C  and  D  showed  a  depletion 
of  zinc  and  the  enrichment  of  nickel  and 
phosphorus  near  the  surface.  The  zinc-rich 
coating  D  showed  an  enrichment  of  nickel  to  a 
thickness  of  about  7  nm  and  the  depletion  of 
zinc  over  a  depth  of  about  20  nm ,  demon¬ 
strating  the  formation  of  a  passive  film  of 
probahly  nickel  oxide  reinforced  with  P. 


Corrosion  Behavior 

The  corrosion  behavior  of  the  coatings  was 
studied  using  the  polarization  resistance 
technique.  This  method  was  used  to  compare 
the  abilities  of  the  coatings  to  passivate 
after  external  polarization.  The  corrosion 
rates  of  the  various  coatings  after  polari¬ 
zation  to  100  mV  positive  to  their  corrosion 
potentials  are  shown  in  Table  I. The  corrosion 
rate  of  the  supersaturated  Ni-rich  alloy  B 
was  lower  than  that  of  A  probably  due  to  the 
deposit  morphology.  Of  the  two  zinc-rich 
phases,  E  was  superior  to  D  probably  due  to 
the  profound  surface  enrichment  of  Ni  and  P 
in  E,  as  revealed  by  the  Auger  depth  profile 
analysis . 


TABLE  I 


OPEN-CIRCUIT  CORROSION  RATES 


COATING  TYPE 

COMPOSITION 

APPROXIMATE 

CORROSION  RATE 
(MV  cm2) 

A 

80 . 8Ni-13 . 3Zn-5 . 9P 

7.0 

B 

82 . 2N1-34 . 8Zn-3 . OP 

5.9 

C 

49.7Ni-40.lZn-l.2P 

14.8 

D 

33 . 4Ni -66 . OZn-O . 6P 

35.0 

E 

20 . ONi -79 . 4Zn-0 . 5P 

21  .9 

Fig.l  The  dependence  of  alloy  composition  and  current  efficiency 
of  NiZnP  alloy  on  the  applied  current  density  at  a  copper 
rotating  cylinder  at  2000  rpm  and  45*C 
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Steady-State  Multiplicity  Analysis  of  a 
Mechanistic  Model  for  Zinc  Electrodeposition 

Mark  D.  Pritzker  and  Thomas  Z.  Fahidy 
Department  of  Chemical  Engineering 
University  of  Waterloo 
Waterloo,  Ontario,  Canada  H2 L  3G1 

Electrodeposition  processes  often  exhibit  behav¬ 
iour  characteristic  of  non-linear  systems,  such  as 
the  onset  of  oscillations,  fluctuations,  chaos  and 
multiple  steady-states,  something  which  has  generated 
some  interest  in  using  techniques  of  non-linear  dy¬ 
namics  for  their  analysis.  Recent  developments  in 
singularity  theory  now  permit  the  steady-state  multi¬ 
plicity  features  of  systems  to  be  determined  in  a 
systematic  way  without  an  exhaustive  parametric  study 
(1-3).  The  primary  objectives  of  this  work  are  to 
introduce  some  of  these  techniques  to  electrochemists 
and  to  apply  them  to  a  mechanistic  model  of  the  elec¬ 
trodeposition  of  zinc  proposed  several  years  ago  by 
Epelboin  et  al  (4). 

Model 

Zinc  electrodeposition  is  particularly  attractive 
for  this  analysis  since  it  has  been  observed  to  ex¬ 
hibit  multiple  steady-states  (4,5).  In  the  model 
proposed  by  Epelboin  et  al  (4),  Zn  deposition,  H- 
evolution,  and  the  anodic  adsorption  of  an  anion  A" 
compete  for  available  sites  on  the  electrode  surface 
according  to  the  following  scheme: 


In  addition,  solutions  to  eqn  [8]  which  fall  outside 
the  physically  possible  range  of  0  <  Op  1  must  be 
rejected.  This  is  done  by  constructing  the  loci  of 
points  for  which  F  intersects  the  boundaries  at  vj  =  0 
and  op  s  1,  then  superimposing  them  on  the  fold  points. 

A  plot  showing  the  number  of  solutions  in  E-pH 
space  at  [Zn2+]  *  1  M  and  [A-]  =  1  M  (Figure  1)  re¬ 
veals  some  interesting  features.  Multiple  steady- 
states  exist  in  two  separate  regions  of  parameter 
space.  The  boundary  set  for  o?  =  1  intersects  both  of 
the  regions  naving  three  solutions  thereby  reducing 
the  number  of  allowable  steady-states  from  three  to 
two  in  the  small  regions  bounded  by  the  boundary  sets 
and  the  loci  of  fold  points.  Equally  interesting  is 
the  appearance  of  the  large  area  at  intermediate 
potentials  where  eqn  [8]  admits  no  feasible  solutions. 

Aside  from  knowing  where  multiple  steady-states 
occur,  the  shapes  of  the  curves  describing  the  depend¬ 
ence  of  3 2  (and  current)  on  E  are  also  of  interest. 
Recently,  a  method  has  been  developed  to  divide  the 
parameter  space  into  regions  having  specific  types  of 
bifurcation  curves  without  having  to  solve  toe  state 
equation  directly  and  do  an  extensive  parametric  study 
(2*3).  Oetails  of  this  technique,  the  type  of  asso¬ 
ciated  bifurcation  curves  and  implications  of  the  re¬ 
sults  for  the  model  of  zinc  electrodeposition  are 
discussed  in  the  oral  presentation. 

References, 


H+te  -^Hads 

[1] 
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ZnIds  +  Hads  — Z"°  +  H+ 

[A] 

ZnIdS  +  e  —s— •*>* 

[5] 

Z„2+  ♦  Hads  *  e  — Zn^  *  Had$ 

[6] 

k7 

Zn"  *  A  ZnAads  *  e 

[7] 

The  kinetics  of  the  process  is  expressed  in  terms 
of  three  state  variables:  the  coverages  of  adsorbed 
intermediates  Hacjs  (denoted  as  ■.•■)),  ZnT.  ("2)  and 
ZnAa(js  (0 3).  Under  steady-state  conditions,  the 
system  can  be  described  by  the  cubic  equation 

F('.2,E,pH,[Zn2+],[A'])  =  ,i|+B-|+Co2+D  =  0  [8] 

where  8.  C  and  D  are  each  functions  of  potential  E, 
pH,  [Zn?+]  and  [A"]. 

Steadi-State  HuUipJJc_f_ty_  Analysis 

A  method  which  was  developed  recently  can  be  used 
to  map  the  regions  in  E-pH  and  [Zn?4]  -  pH  space 
having  particular  numbers  of  feasible  steady-states 
(T,2).  For  a  function  of  the  form  of  eqn  [8],  the 
boundaries  of  the  parameter  regions  with  different 
numbers  of  solution  are  determined  by  constructing 
the  loci  of  fold  points  which  satisfy  the  condition 
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Figure  I.  Regions  in  E-pH  space  having  particular 
numbers  of  feasible  steady-states  for 
[Zn?*]  -  1  M  and  [A' ]  ~  1  M. 
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Electrodeposition  of  Transition  Metal  Oxide 
Phases:  Thermodynamic  Aspects 

Steven  Crouch-Baker  and  Robert  A.  Huggins 


Department  of  Materials  Science  and  Engineering, 
Stanford  University,  Stanford  CA  94305,  USA 


Electrodeposition,  typically  from  molten  salt  solvent 
systems  at  elevated  temperatures,  has  been  employed 
previously  in  a  number  of  cases  for  the  preparation  of 
multicomponent  transition  metal  oxide  -  based  phases  ( 1 ). 
However,  it  is  apparent  that  only  minimal  attention  has 
been  given  previously  to  the  consideration  of  such 
electrodeposition  processes  in  terms  of  the  thermodynamic 
phase  behaviour  present  in  the  solute  -  solvent  system. 
Here,  it  will  be  demonstrated  how  the  appropriate 
isothermal  phase  diagrams  may  be  employed  to  rationalise 
and  /  or  predict  the  various  electrochemical  reactions 
which  may  occur  at  both  positive  and  negative  electrodes 
during  electrodeposition. 

In  order  to  successfully  electrodeposit  materials  from 
molten  salt  solvent  systems,  it  is  essential  that  the  solvent 
be  electrochemically  inert  at  both  the  working  positive  and 
negative  electrode  potentials.  In  this  work  it  is  shown 
how  isothermal  phase  diagrams  relevant  to  the  solvent 
systems  may  be  employed  in  order  to  calculate  their 
voltage  stability  ranges. 
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Abstract  No.  337 

The  U3e  of  Insoluble  Films 
to  Control  the  Rate  of 
E 1 eot rode po3 i t i on  of  Metals 

Thomas  C.  Franklin,  Venita  Totten 
and  Ali  Aktan 

Chemistry  Department,  Baylor  University 
Waco,  Texas  76798 

A  study  was  made  of  the  effect  of 
additives  on  the  rate  of  deposition  of  metals 
that  form  insoluble  compounds  involving  the 
depositing  metal.  This  film  should,  in 
certain  cases  produce  a  situation  in  which 
the  metal  Is  reduc ?d  from  the  insoluble  film 
while  the  film  inhibits  the  reduction  of 
other  metals.  This  technique  is  similar  to 
the  process  that  occurs  in  anomalous 
codeposition  of  metals  (1,2,3). 

Experimental 

Vol t ammet ri c ,  current  efficiency  and  alloy 
composition  measurements  wore  used  to 
demonstrate  the  effects  of  the  additives. 
Voltammetric  measurements  used  standard 
pot en t J ost at i c  techniques  with  platinum 
working  and  counter  electrodes  and  a 
saturated  calomel  reference  electrode. 

Current  efficiency  determinations  were  made 
using  platinum  or  copper  foil  cathodes. 

Deposition  was  made  at  2.8  ra/cm“  for  two 
hours  from  0. 1  M  solution  of  the  metal  ion. 
The  efficiency  was  calculated  from  the  weight 
of  the  deposit.  Alloy  depositicr.  was  done 
under  similar  conditions.  The  alloys  wftr- 
analyzed  by  x-ray  fluorescence  using  a 
Princeton  Gamma  Tech,  Energy  3isp*»rs;vw  X-Ray 
F 1  acres oenee  Apparat us  . 

Results  and  Discus.*  Jon  of  Resuit  3 


Table  1 


The  Effect  of 

Sodium  Bromide 

on  the  Current  Efficiency 

Metal 

Concn . ( M ) 

Current 

Ef  f  i  ci  ency  ’■  % 

Cu 

0  , 

4  5 

Cu 

10’* 

Hb 

Cu 

1  0 

64 

Cu 

1 

74 

Cd 

0  _ 

27 

Co 

10:* 

26 

Cd 

1  0 

1  6 

Table  2 

The  Effect  of  Bromide  and  Chloride  on  t  De¬ 
composition  of  Electrcdepcsited  Alloys 

Additive  Concn.(M)  Ratio  of  Cu.'Cd 


None  - -  2 . 14  1 

NaBr  10*’  3.16 

N  3  Br  1  3.73 

NaCl  10  3.92 


electrolysis  at  hydrogen  evolution  :  r.  a 
sandwich  type  cell  allows  one  to  isolate  the 
film  and  show  by  x-ray  analysis  that  its 
formula  is  Pb^O^ ( NO ^  ^  .  One  can  show  by 

voltammetry  that  t et r a bu . y 1 anmon 1  .0 
perchlorate  (TBAP)  protects  this  film  f r  cm 
dissolution  in  the  alkaline  s  0 1  •  1 1  :  0  r. . 

Because  of  this  protection  addition  cf  TEAR 
has  a  pronounced  effect  or.  the  r.  1  3  •  i  ng  of 
lead.  Table  ill  shows  the  e f  f -1  . t  ~  f  T B A ?  on 
current  efficiency  and  compos  it:'  r.  1  f 
elsotn. u *3 p o sited  alloys. 

Table  3 


The  Use  of  Insi  liibl»  Films  of  Intermediate 
V  a  I en  ce  s  . 


The  Effect  of  TBAP  0 r.  Current  Efficiency  and 
Alloy  Composition  in  L  end  D  *.  p  r  2  j  t  i  0  r. 


One  system  studied  was  th"  formation  of 
insoluble  film  from  a  react,  j. nr.  with 
intermediates  in  the  reduction  process. 

Thus,  in  the  c  u 1  I  I  >  reduction. 

c,,*-  _  'O—)  • ,  ’  — — — ) 

■"  u  1  will  re-,  *  w  i  t  h  t  r  ■  .  1  *•  t  o  ;•  r  e  c  i  p  i  *  it  e 

'  ’  *  :t  r*  on  the  ••  rod*  .  V  ■  i  l  .itt.- t  ••  i  •  itu.li  >  3 

r !'  f  h  1  a  3  y  :>  f  >.  m  ir:!:  ■  t  -  1  *  h  at  u  rid  i  t  :  '■  r.  c  f 

hr  om  1  -i*-  i  :>  b  ;  :>  i  '  ••  1  r»y  ir  :  g** n  pva.  r  i  -  n  :  •  j  :  • 

ro  t  appru  -i  ih  .  y  .f  f »  -edu 0 1 ;  or,  -  f 
By  c'Vdp.jr  i  •  i  •- ;  -.si  *  :■  n  .  T  ■  :  imi  -.r  .  w  :  r 

1  p  pr  ••  0  i  a  b  \  y  jff,:--*,-j  b/  t-f.  :  de  :•  th- 

.1  In-.  srio  wn  :  r:*  •:  f  f  r  e  i  ;  1  •  -  <*  m  ' 


Current  Efficiency  Without  TRAP  «  •  :  n 
in  lead  l^pos!  ticn  4  '>1 

A  1  1  r.  y  r  r?  p  '  3  i  t.  !  e  r 
R  .1  *  1  0  P  t  ‘  T  1 
RU  if;  Pr  Cu 

R-itio  ri/Ni 

the  f  :  !  7.  !  y  '  P  A  r 
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Abstract  No.  358 

The  Use  of  Volumes  of  Activation  to  Determine 
The  Mechanism  of  Action  of  Additives 


Thomas  C.  Franklin  and  Shaj  A.  Mathew 
Chemistry  Department,  Baylor  University 
Wacc ,  Texas  76798 


This  study  was  a  follow  up  of  a  previous 
study  (1,2)  demonstrating  the  possibility  of 
utilizing  volumes  of  activation  (AV*)  changes 
to  obtain  information  about  mechanisms  by 
which  additives  affect  rates  cf  deposition. 

In  the  previous  study  it  was  shown  that  in  a 
NiSO^,  K^SOjj,  dilute  KC1  solution  AV* 

for  nickel  deposition  was  1  3  .  "  /  mol  , 

correspondi ng  to  the  loss  of  two  waters  prior 
to  electron  transfer.  At  higher  chloride 
concentrations  or  in  the  presence  of  borate 

AV*  dropped  to  6.8  cm ^ /mol,  correspondi ng 
to  loss  of  one  H^O  prior  to  electron 

transfer  indicating  that  chloride  and  borate 
form  inner  sphere  electron  transfer  bridges. 
Thiocyanate  caused  AV*  to  drop  to  0.0 
indicating  that  it  served  as  an  outer  sphere 
bridge.  In  this  paper  the  study  was  extended 
to  include  (a)  The  azide  ion,  ( t>  /  Some 
sulfonates  and  ( c )  Cobalt  deposition. 

Exper i mental 


The  high  pressure  vessel,  which  goes  to 
1750  atm(1),  contained  a  TeTlon  electro¬ 
chemical  cell  immersed  in  mineral  oil.  The 
pressure  was  adjusted  with  a  hydraulic  jack. 
The  cell  contained  a  small  cathode  of  the 
metal  and  a  Hg/Hg^SO^  counter  electrode.  Tlv 

volume  of  activation  was  calculated  from  the 


equal i on 

AV*  - 


n , 


T 


where  the  quantity  in  parenthesis  was  ob¬ 
tained  from  th»  slope  of  graphs  or  in  (i0)  vs 
pressure . 

Res  u 1 ts 


The  sulfonates  were  strongly  adsorbed. 
Propane  sulfonic  acid  caused  no  change  in  the 
number  of  water  molecules  displaced,  indi¬ 
cating  that  it  acts  as  a  blocking  agent. 
However,  when  the  unsaturated  analog  was 
introduced  AV*  dropped  to  a  low  value 
indicating  that  it  was  an  outer  sphere 
electron  bridge.  In  the  presence  of  the 
naphthalene  sulfonic  acid  AV*  dropped  to 

5.2  cm^/mole  indicating  that  the  adsorbed 
naphthalene  sulfonate  served  as  a  bridge  for 
electron  transfer.  However,  different  from 
anionic  additives,  AV*  is  slightly  lower  than 
AV*  for  the  loss  of  a  water  molecule  in 
homogeneous  water  exchange. 

Table  II  shows  cobalt  results.  It  can  be 
seen  that  they  are  similar  to  nickel  results 

Table  IX 


AV*  for  Cobalt  Deposition  from  Solutions 
Containing  0.5M  CoSO^  and  O.IMK^SO^ 


1  . 

3. 
y . 

5. 

6. 
7  . 
8. 


Additive  AV* 

0.01M  KC1 
0.  1  M  KC  1 
1  M  KC  1 
2M  KC  1 
3.5M  KC  1 
0. 01 M  NaC 10a 
0.01M  KC 1.0.00001M  KSCU 
0.01M  K C I  ,0.01 M  KSCN 


(cm^mcle  1 ) 
12. HiO.  3 
6.0*0. 2 
5 . 9  t  0 . 2 

6. 0*0.  14 

6. 0*0.  3 
12.310.2 
12.0*0.2 
0. C*0. 2 


The  AV  *  for  homogenous  exchange  of  me 
water  molecule  on  the  cobalt  ion  is 

6.1  cm " / mo  1 e ( 3 ) .  The  observed  AV*’s 
correspond  to  two  waters  lest  without 
additive,  one  water  lest  with  chloride  (  Inr.e** 
sphere  bridging)  and  zero  waters  lest  with 
thiocyanate  (Outer  sphere  bridging'. 


Table  I  shows  nickel  results.  Adaption 
of  azide,  with  its  *  clouds,  causes  AV *  to 
eventually  drop  to  0.0,  indicating  that  th'% 
azide  forms  m  *•!  •>■*»  r  on  tridge  around  the 
wit«r  . 

Table  I 

A  0  ’  v  j  t  i  >  /  I'i  f  AV  *  '  f.-r  N  :  v  w  •  • 

?r  ■■■•(.  :  .it  i  -  n.-  -  ,  :  ::  i  r.g 

j.  :.1M  K  (  .:.l  ..  '  M  K  ’  . 
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Abstract  No.  359 

Elecfrocodeposition  of  Copper  and  Polystyrene  Latex  Particles 
on  a  Rotating  Disc  Electrode 

Jorge  L.  Valdes*  and  Huk  '  .  Chch 

Department  of  Chemical  Engineering  and  Applied  Chemistry 
Columbia  University 
New  York .  New  York  10027 

Electrocodeposition  of  metal  and  colloidal  particles  can  yield  composite 
structures  with  unique  physicochemical  properties.  In  order  to  advance  a 
more  fundamental  understanding  of  this  process  an  experimental  study  was 
conducted  on  the  elcctrocodeposition  of  monodisperse  colloidal  polystyrene 
latex  particles  from  an  acidic  copper  sulfate  electrolyte  on  a  rotating  uisc 
electrode  (RDE).  This  work  focuses  on  elucidating  two  important 
mechanistic  aspects  of  this  process:  1)  the  influence  of  the  rate  of  metal 
electrodeposition  and  2)  the  prevailing  transport  conditions  on  the  rate  of 
particle  deposition.  Both  of  these  factors  arc  known  to  have  an  appreciable 
influence  on  the  number  density  of  particles  incorporated  in  an 
eiectrodcposited  composite  film  (EDO. 

A  monodisperse  system  of  amide-modified  polystyrene  colloidal  particles 
(Seragen  Diagnostics)  was  used  in  the  clcorocodeposition  experiments.  The 
panicles  have  an  average  diameter  of  0.345pm  with  a  standard  deviation  of 
0.0035pm  as  determined  by  electron  microscopy.  Amide -modi lied 
polystyrene  particles  with  active  surface  uound  hydrophilic  groups  were 
found  to  have  a  high  degree  of  particle  stability  in  electrolytic  solutions  used 
in  this  study  (O.SMHjSOa  and  O.O5MCUSO4).  A  stable  non-flocculating 
dispersion  is  essential  to  achieving  uniform  deposition  and  homogeneous 
composite  films.  In  acidic  solutions,  the  particles  will  have  a  positive 
surface  charge  density  since  the  amide  groups  arc  expected  10  be  protonated. 
A  particle  number  concentration  of  8.86xl08/cm3  was  kept  constant 
throughout  and  conforms  to  dilute  soluuon  conditions.  The  electrolytic 
dispersion  was  prepared  just  prior  to  each  experiment  by  measuring  an 
accurate  volume  of  the  original  10%  by  weight  suspension  and  introducing  it 
into  Milli-Q  reagent  grade  water.  In  order  to  insure  uniform  dispersion  of 
the  particles,  the  .solution  was  put  into  a  mild  ultrasonic  bath  for  about  30 
min. 

Particle  elcctrocodeposition  experiments  were  performed  on  freshly 
electroplated  copter  surfaces.  Ir,  order  to  minimize  the  influence  of  surface 
morphology  and  particle  blocking  effects  wc  considered  initial  rates  of 
particle  elec  trocodcposi  lion.  The  thickness  of  each  composite  film  formed 
was  kept  constant  and  commensurate  with  the  parucic  diameter.  Electron 
microscopy  was  used  to  analyze  the  surfaces  of  EDO  films  and  obtain  an 
estimate  on  the  intrinsic  rate  of  particle  deposition. 

In  Figure  1  are  shown  experimental  results  obtained  for  this 
elcctrocodeposition  system.  The  particle  Sherwood  number  is  shown  as  a 
function  of  (he  applied  current  density  and  for  various  rotation  speeds.  The 
Sherwood  number  is  a  dimensionless  way  of  expressing  the  flux  or  rate  of 
particle  deposition.  Wc  find  that  the  intrinsic  rate  of  particle  deposition  is 
not  a  function  of  the  rate  of  the  metal  clcctrodcposilion  reaction.  These 
results  necessarily  dictate  that  the  volume  fraction  of  particles  in  a 
composite  film  will  decrease  with  increasing  current  density.  In 
dimensionless  terms,  the  volume  fraction  of  particles  in  a  composite  film,  fv. 
can  be  expressed  as, 


where  Sh  is  the  particle  Sherwood  number,  0  is  the  ratio  of  the  applied 
cuncnt  density  to  the  limiting  current  density,  and  is  a  dimensionless 
system  parameter  that  accounts  for  the  volume  differential  between  the 
eiectrodcposited  metal  and  particles. 

In  Figure  2  arc  shown  experimental  results  obtained  for  the  Shcrwixxl 
number  as  a  fane  turn  of  the  particle  Pcclcl  number  The  Pec  let  number  is  a 
dimensionless  quantity  which  expresses  the  relative  importance  of 
hydrodynamic  convection  to  Brownian  diffusion.  A  larger  Pcclcl  number 
indicates  a  higher  rotation  speed  As  a  means  of  comparison,  we  have  also 
plotted  on  this  graph  the  exacted  curve  for  the  deposition  of  particles  under 
"perfect  sink"  or  purely  mas*  transport  controlled  conditions.  For  low  Pcclcl 
numbers,  the  experimental  data  approaches  prefect  sink"  deposition  For 
larger  Peelet  numbers  the  kinetics  of  the  mtcrfactal  particle  deposition  step 
becomes  more  rate  dciermintng  Assuming  first  order  kinetics  in  the 
dcposiuon  step,  the  experimental  data  can  be  described  by  the  folluwmg  rate 
expression, 

_  (IMhkPe1  ' 

Sh  =  ,,  |2! 

riblhPe'  ♦  k 


A  non-linear  regression  analysis  of  the  experimental  data  yields  a 
dimensionless  rate  constant  k=0.238  for  this  system.  The  theoretical  line 
corresponding  to  this  value  of  the  kinetic  rate  constant  is  also  shown  in 
Figure  2.  The  volume  fraction  of  particles  in  the  composite  film  can  now  be 
predicted  by  combining  cqns.[l-2].  For  the  particle  elccirocodeposnmn 
system  under  investigation  wc  find  that  the  volume  fraction  of  particles  in 
the  composite  decreases  precipitously  with  increasing  current  density.  In 
general,  the  highest  volume  fractions  are  obtained  at  the  lowest  current 
densities.  This  kind  of  kinetic  information  is  essential  in  designing  process 
parameters  to  attain  composite  films  with  the  desired  particle  number 
density. 
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CURRENT  DENSITY  (mA/emO 

Fig.  1  The  effect  of  current  density  and  panicle  hydrodynamic 
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polystyrene  deposition. 
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Laser  Interferometric  Wet  Etch 
and  Deposition  Rate  Measurement 
In-Situ  at  Solid/Liquid  Interfaces  ILESII) 
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G^rman  Manufacturing  Technology  Center, 
IBM  Germany,  P.0.  Box  266 
7032  Si ndelf ingen,  Germany 


INTRODUCTION 

Wet  processes  for  deposition,  dissolution  or 
etching,  play  an  important  role  in  microelectronic 
manufactur ing  technology. 

Among  these  we  can  distinguish  between  galvanic 
processes  where  the  applied  electrical  current  is  a 
direct  measure  of  the  deposited  or  dissolved  mate¬ 
rial,  and  so-called  electroless  processes.  These 
latter  ones  are  character ized  by  one  or  more  addi¬ 
tional  electrochemical  or  chemical  reactions  occur¬ 
ring  simultaneously  at  the  electrode  thus  resulting 
in  a  zero  net  current. 

Hence  there  is  no  electrical  signal  for  the 
reaction  rate  with  wet  electroless  processes. 

METHOD 

We  could  solve  this  problem  by  measuring 
i n-s i tu  the  change  in  surface  topography  of  a  planar 
electrode  during  the  electroless  reaction.  This  is 
performed  by  directing  the  probe  beam  of  a  common 
path  dual -beam  interferometer  towards  the  surface  of 
the  sample  within  a  region  where  the  reaction  takes 
place  (Fig.  1).  The  reference  beam  is  focussed  on  a 
masked  part  of  the  electrode  where  the  reaction  is 
prevented . 

The  height  or  depth  h  of  the  unmasked  region 
increases  with  progressing  reaction  and  is  linearly 
related  to  the  measured  phase  difference  4>  between 
the  two  reflected  laser  beams  according  to 


A 


with  A  being  the  vacuum  wavelength  of  the  laser  beam 
and  n  the  refractive  index  of  the  electrolyte. 

This  technique  is  based  on  using  a  Laser  Spot 
Scanning  Interferometer  /1, 2/  in  combination  with  an 
electrochemical  cell. 

SILICON  ETCH  RATE  MEASUREMENT 

The  anisotropic  etching  of  silicon  in  aqueous 
KOH  solutions  is  one  of  the  .key  processes  in  Silicon 
Micro  Machining.  Therefore  the  electrochemical  cell 
has  been  designed  for  etch  rate  measurement  of  Si 
in  alcaiine  solutions  enabling  a  precise  positioning 
of  the  etch  test  pattern  of  the  Si-wafer  with  respect 
to  the  window  for  the  laser  beams.  Furthermore,  we 
provided  for  the  supply  of  electrolyte,  heating, 
temperature  measurement  as  well  as  monitoring  and 
controlling  the  electrical  potential  of  the 
Si-electrode  referred  to  the  reversible  hydrogen 
electrode. 

Fig.  2b  shows  the  variation  of  the  phase  dif¬ 
ference  while  silicon  is  etched  in  a  concentrated 
KOH  solution  at  a  considerably  high  temperature  of 
S9°C -  At  this  temperature  a  strong  formation  of  gas 
is  observed  which  is  supposed  to  disturb  the  phase 
evaluation.  But  data  points  are  computed  within 
A  -is  that  means  under  quasi  steady  state  conditions. 

Therefore,  only  a  few  data  points  are  randomly 
distributed  as  can  be  seen  from  Fig.  2b.  These 
u'ji‘>t«,  contdin  no  dept*  information.  The>  arc  easily 


identified  by  simultaneously  measuring  the  intensity 
of  the  reflected  laser  light  (Fig.  2a)  and  elimina¬ 
ted.  Fig.  zc  shows  the  resulting  etch  depth  versus 
time  revealing  a  constant  etch  rate  of  **.9  nm/^  which 
corresponds  to  a  current  density  of  15-7  mA/cm 
with  galvanic  (anodic)  dissolution  of  Si. 

CONCLUSIONS 

This  example  demonstrates  the  good  sensiti¬ 
vity  of  this  method  the  measured  etch  rate  being 
far  beyond  the  limit  of  detection.  For  practical 
purposes  this  limit  can  be2estimated  to  0.003  nm/s 
correspond : ng  to  10  .uA/cm  in  the  case  ,of  Silicon. 

To  summarize  we  can  state  that  LESLI  is  a  true 
i n-s i tu  method  for  wet  processes  allowing  the  time 
saving  measurement  of  etch  or  deposition  rates. 
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Figure  2:  Total  light  intensity  (a)  reflected  from 
the  wafer  as  well  as  measured  phase 
difference  (b)  between  probe  and  reference 
beam  versus  time  during  the  etching  of 
< 100 >  oriented  silicon  in  35  wt  Z  KOH 
solution  at  59  °C.  (c)  Etch  depth  versus 
time  after  data  analysis. 
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Etching  and  deposition  in  cavities  is  of  great 
importance  in  the  modern  electronics  industry.  Examples 
include  etching  of  GaAs  for  high  speed  devices  and  lasers, 
and  copper  deposition  for  printed  circun  board 
fabrication.  During  wet  etching  of  a  thin  film  partially 
protected  by  a  masking  layer,  the  shape  of  the  resulting 
cavity  depends  in  a  complex  manner  on  the  fluid  flow 
distribution  in  the  cavity  region,  on  the  mass  transfer  to 
and  from  the  solid  surface,  and  on  the  reactivity  of  the 
surface.  Shape  evolution  studies  in  stagnant  solutions 
(pure  diffusive  transport)(l),  or  convective  transport  in 
cavities  of  invariant  shape(2)  have  been  reported  in  the 
literature.  However,  the  authors  are  not  aware  of  any 
studies  on  the  shape  evolution  of  two-dimensional  cavities 
under  the  influence  of  fluid  flow. 

The  effect  of  fluid  flow,  transport,  and  reaction  on 
the  shape  evolution  of  two-dimensional  etching  cavities 
was  studied.  The  Streamline  Upwind/Petrov-Galerkin 
(SUPG)  finite  element  method(3)  was  employed  since  it  is 
better  suited  for  convection  dominated  flows  (high  Peclei 
numbers).  A  moving  boundary  scheme  allowed  for  the 
shape  evolution  to  be  followed. 


The  computational  domain  and  the  finite  element 
grid  used  are  shown  in  Fig.  1 .  The  time  dependent  position 
of  surface  S  influences  the  fluid  flow  distribution  which  in 
turn  affects  the  further  evolution  of  surface  S.  The  fluid 
velocity  profile  tn  the  near  cavity  region  was  obtained  by 
solving 

„  i  _2 
-  =-Vp +— -V  u 
fJT  H  Re 

along  with  the  continuity  equation 

V.u  =  0 

Here  the  Reynolds  number  Re  =  uoL/v,  where  uo  is  the  fluid 
velocity  at  the  center  of  the  mouth  of  the  cavity,  and  L  is 
the  halfwidih  of  the  cavity  mouth.  Also,  T-tu()/L.  Boundary 
conditions  included  uy-0  on  all  boundaries.  Ux^O  on  the 
lower  boundary,  ux -constant  on  the  upper  boundary,  and 
r)ux/f)x  =0  on  the  left-  and  right-hand  boundaries.  The 
initial  condition  was  u  =  u0at  T-0.  The  concentration 
distribution  was  found  by  solving 

fT-*«.*c-£v>c 

Here  the  Peclef  number  Pe  =  u0L/D.  Boundary  conditions 
included  VnC=  -Sh  C  along  the  etching  cavity  surface,  C«l 
along  the  left  boundary  where  fluid  enters,  and  VnC=0  on 
all  other  boundaries  Here  Sh-Lk/D,  with  k  the  surface 
reaction  rate  constant.  The  initial  condition  at  T=0  was  C=0 
everywhere  in  the  computational  domain  except  that  C-l  at 
the  left-hand  boundary  In  addition,  the  movement  of  the 
boundary  was  described  by 
VnO  Bvn 

where  B-uoL/oco.  with  o  a  material  property,  co  the  bulk 
reactant  concentration,  and  vn  the  velocity  of  the  moving 
boundary  In  the  case  of  pure  diffusion  (no  fluid  flow)  the 
diffusion  equation  solved  was 

*>c 

<r  r 

where  T*-tD  !  ^  Boundary  conditions  included 

VnC-  Sh  (.'  along  ihc  cubing  cavity  surface.  VnC-ft  along 

ilic  mask  surface,  and  C-l  far  from  the  etching  surface 


The  initial  condition  was  C-l  everywhere  at  T*-0.  The 
movement  of  the  interface  was  described  by  VnC=  -B*vn 
where  B*-D/ac().  One  notes  that  B=Pe  B*  and  T=Pe  T  *. 


Figure  2  shows  a  comparison  of  shape  evolution 
profiles  obtained  using  our  numerical  FEM  solution  with 
an  asymptotic  (perturbation)  solution  obtained  for  pure 
diffusion,  and  infinitely  fast  reaciion(4).  Good  agreement 
is  observed  at  early  times  for  which  the  perturbation 
solution  is  valid.  The  agreement  deteriorates  with  time 
since  the  perturbation  solution  is  not  valid  for  longer 
limes.  The  etched  profiles  show  a  characteristic  bulging 
near  the  mask  edge.  This  is  because  of  higher  etch  rate 
there  due  to  reactant  diffusion  from  areas  above  the  inert 
mask.  Figure  3  shows  the  shape  evolution  of  a  cavity 
etched  under  conditions  identical  to  Fig.  2  except  (hat  the 
mask  thickness  was  25%  of  the  cavity  mouth  width 
(instead  of  the  infinitely  thin  mask  of  Fig. 2).  The  bulging 
effect  is  much  less  pronounced  due  to  the  larger  diffusion 
path  of  the  reactant  from  the  area  above  the  inert  mask  to 
the  etching  surface.  Etch  anisotropy(ratio  of  cavity  depth 
at  x-0  to  mask  undercut)  is  also  enhanced  using  a  finite 
thickness  mask. 

The  effect  of  fluid  flow  on  the  shape  evolution  of  a 
cavity  is  shown  in  Fig. 4.  Conditions  were  otherwise  the 
same  as  in  Fig. 3.  The  time  scale  on  this  figure  has  been 
rendered  directly  comparable  with  that  of  Fig.  3.  One 
observes  much  faster  etching  as  compared  to  the  case  of 
pure  diffusion  (about  5  times  faster  under  the  present 
conditions).  The  etched  profiles  are  now  asymmetric  owing 
to  fluid  flow.  At  early  times  (T*<20)  the  cavity  aspect  ratio- 
(depth/width)  is  small  and  the  external  flow  field  invades 
the  bottom  of  the  cavity  bringing  fresh  reagent  in  the 
cavity.  The  etch  rate  is  then  higher  around  the  area  where 
the  fluid  first  encounters  the  bottom  of  the  cavity  (  to  the 
left  of  the  centerline).  The  situation  changes  drastically  at 
later  times  at  which  the  cavity  aspect  ratio  increases  and  a 
large  recirculating  fluid  eddy  occupies  most  of  the  cavity 
(see  also  Fig.  5).  Under  such  conditions,  fresh  .eactant  first 
encounters  the  area  around  the  right  mask  and  the  etch 
rate  becomes  faster  there.  For  the  same  reason  the 
undercut  of  the  right  mask  is  larger  than  of  the  left  mask. 
Nevertheless,  anisotropy  is  improved  as  compared  to  the 
pure  diffusion  case 

Figure  5  shows  a  velocity  vector  plot  for  the  cavity 
corresponding  to  T*«=34.7  in  Fig.4.  In  addition  to  a  large 
eddy  filling  most  of  the  cavity  volume,  weak  recirculation 
patterns  are  observed  in  the  undercut  regions.  If  etching 
is  transport  limited,  the  weak  convection  in  the  undercut 
regions  reduces  mass  transfer  resulting  in  enhanced 
etching  anisotropy.  Fig.  6  is  a  concentration  contour  plot 
for  the  same  cavity  as  in  Fig.  5.  Larger  concentartion 
gradients  are  observed  in  the  undercut  area  of  the  right 
mask  as  compared  to  the  left  mask.  This  is  the  the  reason 
for  higher  rate  of  undercufing  of  the  right  mask 

In  conclusion,  a  mathematical  procedure  has  been 
developed  to  analyze  the  shape  evolution  of  two- 
dimensional  etching  cavities  under  fluid  flow  conditions 
The  model  provided  insight  into  the  complex  interaction  of 
transport,  reaction  and  cavity  shape,  and  may  be  used  to 
identify  process  operating  conditions  that  lead  to  high  rate 
anisotropic  etching 
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Fig.  4.  Shape  Evolution  of  a  Cavity  Under  Fluid  Flow 
Conditions.  Pe=IOO,  Re«0.1,  B=100.  and  Sh^  Cavity  Wall 
Profiles  are  for  Dimensionless  Times  T*  of  0.  1.88.  4  04.  7.31, 
12.3.  18.9,  26  9.  and  34.7  Respectively. 


Fig.  1.  Computational  Domain  and  Finite  Element  Grid.  The 
Final  Cavity  Shape  Corresponds  to  Dimensionless  Time  of 
34.7  under  the  Conditions  of  Fig.  4. 
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Fig.  5  Velocity  Vector  Plot  in  the  Cavity  Corresponding  to 
T*  =  34.7  of  Fig.  4.  Velocities  are  Normalized  with  Respect  to 
the  Velocity  at  the  Center  of  the  Cavity  Mouth. 


Fig.  2.  Comparison  of  the  Numerical  Solution  with  an 
Asymptotic  Solution  Presented  in  Ref.  4.  Stagnant  solution 
(no  fluid  flow),  and  infinitely  thin  mask.  B=100  and  Sh=  <*>. 


Fig  6.  Concentration  Contour  Plot  in  the  Cavity 
Corresponding  to  T*-34  7  in  Fig  4.  Contour  Named  A 
Corresponds  to  Dimensionless  Concentration  C-0  99 
Contour  B  (Wall  of  Cavity)  Corresponds  to  C-0  Linear 
Interpolation  Applies  for  the  Contours  in  Between. 


Ftp  3  Shape  Fvolumm  of  a  Cavity  in  a  Stagnant  Solution 
and  with  a  Mask  Thickness  of  the  Cavity  Mouthwidth 

B*  100  and  Sh-  - 
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AQUEOUS  ELECTROCHEMISTRY  OF  TELLURIUM 
AT  GLASSY  CARBON  AND  GOLD:  A  COMBINED 
VOLTAMMETRY-OSCILLATING  QUARTZ 

CRYSTAL  MICROGRAVIMETRY  STUDY 

Eric  Mori,  C.  K.  Baker,  J.  R.  Reynolds* 
and  K,  Rajeshwar* 

Department  of  Chemistry 
The  University  of  Texas  at  Arlington 
Arlington,  Texas  76019-0065 

The  electrochemistry  of  tellurium  has  been 
extensively  studied  in  recent  years  because  of  its 
biological  significance.  Tellurium  is  also  a  component  in 
binary  and  ternary  HgCdTe.  The  cathodic  electro¬ 
chemistry  of  Te4+  is  complicated  by  adsorption  and 
homogeneous  chemical  reactions.  In  the  course  of  our 
research  on  CdTe  electrodeposition  mechanisms  (1),  we 
observed  a  remarkable  sensitivity  of  the  voltammetry 
profile  of  tellurium  to  the  nature  of  the  electrode 
substrate.  This  aspect  is  addressed  in  this  paper  via 
comparative  studies  on  glassy  carbon  and  gold 
electrodes. 

A  sub-theme  of  this  paper  is  the  enhanced 
interpretative  capability  offered  by  the  combined  use  of 
voltammetry  and  microgravimetry  in  studies  on  complex 
systems  such  as  tellurium.  Microgravimetry  was 
performed  using  the  oscillating  quartz  crystal  balance. 
The  data  in  this  paper  constitute  what  we  believe  to  be 
the  first  examples  of  the  use  of  this  powerful  in  situ 
weighing  technique  in  studies  of  semiconductor 
electrodepositions. 

The  representative  voltammetry  profiles  in 
Figures  1  and  2  for  glassy  carbon  and  gold  electrodes 
will  be  discussed  with  the  aid  of  appropriate  reaction 
schemes.  The  correctness  of  these  reaction  schemes  was 
verified  by  concurrent  data  collected  from  coulometry 
and  microgravimetry.  The  strong  adsorption  of  Te4*  at 
the  gold  surface  leads  to  a  direct  six -electron  reduction  of 
HTeC>2+  to  H2Te.  This  process  is  not  observed  at  the 
glassy  carbon  surface.  Additionally,  the  adsorption  of 
H2TC  at  the  gold  surface  leads  to  a  catalytic  pre-wave 
leading  to  the  deposition  of  Te°. 

The  above  data  are  discussed  within  the  context 
of  related  work  done  by  previous  authors  on  the 
electrodeposition  mechanism  of  CdTe  at  the  Pt  surface 
(2). 
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II-VI  compound  semiconductors  such  as 
CdS,  CdSe  and  CdTe  are  considered  to  be 
promising  materials  for  low  cost  thin  film 
photovoltaic  and  photoelectrochemical  cells. 
Although  a  variety  of  methods  have  been 
employed  to  deposit  semiconductor  thin  films, 
electrochemical  deposition  has  many 
advantages  including  easy  control  of 
thickness,  composition  and  properties  of 
deposited  films.  In  this  paper,  in  order  to 
establish  a  deposition  method  of  a 
semiconductor  films  of  desired  energy  gap, 
the  electrochemical  deposition  of  CdSe  Te^ _x 
(0$xil)  was  attempted.  Furthermore,  effects 
of  heat  treatment  on  crystalline  diameter  and 
electronic  properties  of  electrochem  i  ca  1  ly 
deposited  CdTe  films  were  also  studied. 

The  CdSexTe^ _x  films  were  deposited  from 
aqueous  solution  of  pH  1.4  containing  CdSO- 
and  Te02+Se02,  the  total  concentration  of 
which  was  ImM,  on  Ti  sheets  which  were 
degreased  by  chloroform  and  ethanol  vapor, 
etched  in  10%  HF  and  washed  in  purified  water 
before  use.  The  reagean t -g rade  chemicals 
were  used  without  further  purification. 
Water  was  purified  by  Milli  Q  water 
purification  system  (Millipore  Corp.).  The 
usual  three  electrode  cells  were  used  and  a 
platinum  sheet  and  a  Ag/AgCl  electrode  were 
used  as  a  counter  and  a  reference  electrode, 
respectively.  The  heat  treatment  of  the 
films  was  carried  out  in  a  quartz  tube  under 
a  He  gas  flow.  X-ray  diffraction 
measurements  were  carried  out  bv  using 
Philips  PW-1352  x-ray  diffractometer. 

Fig.  1  shows  current -potent ia 1  relations 
of  Ti  electrode  in  sulfuric  acid  solutions 
( pH= 1 . 4 )  containing  1M  CdS04  and  various 
concentration  of  Te02  and  Se02  (total 
concentrat ion  was  1  mM).  In  all  cases,  when 
the  electrode  potential  became  negtive,  the 
cathodic  current  increased  first  but  reached 
limiting  value  at  more  negative  potentials. 
The  higher  the  SeO?  ratio  was,  the  more 
negative  the  onset  potential  for  the  cathodic 
current  was.  The  limiting  current  was 
considered  to  be  controlled  by  the  diffusion 
of  Te02  and  Se02  and  did  not  depend  on  the 
Se02/Te02  ratio.  When  the  potential  became 
more  negative  than  -0.65V,  very  la  v '  i 
cathodic  current  due  to  Cd  deposition  floweo. 
Since  current,  i.e.,  reaction  rate,  is 
controlled  by  the  diffusion  of  Se02  and  Te02 
in  the  limiting  current  region,  it  is 
expected  that  Se  and  Te  are  included  in  the 
deposited  film  depending  on  the  Se02/Te02 
ratio  in  the  solution.  In  fact,  CdSc^Tc^,^ 
film  where  x  depended  on  the  solution 
composition  was  obtain  o  d  h  y  t  h e 
pot ont i os t a t l r  deposition  in  the  potential 
region  where  the  limiting  current  was 
observed.  Although  thn  stable  sti  art  ,r.-  of 


CdSe  is  wrutzite,  all  the  deposited  films  had 
zinc  blend  structure.  The  lattice  constant 
varied  depending  on  the  Se02/Te02  ratio  in 
solution  as  shown  in  Fig.  2. 

Effects  of  heat  treatment  on  crystalline 
diameter  and  electronic  properties  of 
electrochem ical ly  deposited  CdTe  films  will 
be  also  reported. 


Poiential/V  vs.  Ag/AgCl 


Fig.  1  Currcm-ijotcntial  relations  of  Ti  electrode  in 
sulfuric  acid  solution  (pH  =  1.4)  containing  1  mol- 
dm'1  CdS O,  and  SeOj-f- TcOr 


O  :  SeO-  1  mmol-dm'1 

•  :  ScOj  0. 8  mmol*dm"3+  TcOi  0.  2  mmol-dm"1 
A  :  SeO.  0.  6mmol-dm-1-f-TeOr  0.  1  mmol-du"1 
▲  :  ScOj  0.  i  mmol-dm^+TeOr  0.  6  mmol-dm"1 
x  :  SeO-  0.  2  mmol-dm"3  +  TeOr  0.8  mmol-dm"1 
□  :  TeO-  1  mmol-dm'1 

“f  I 
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Abstract  No.  364 

CATHODIC  ELECTRODEPOSITION 
CHARACTERISTICS  OF  CdTe  FILL'S  IN  A 
NON  AQUEOUS  BATH. 

R.K.Pandey,  R.B.Gore 
Department  of  Physics,  Bhopal  University, 

Bhopal  -  462  026,  INDIA. 

The  renewed  interest  in  electrodeposition  of 
CdTe  stems  mainly  because  of  its  application  in  pho¬ 
tovoltaic  solar  cells.  Panicker  et  al.  [1]  reported  the 
electrodeposition  of  CdTe  from  aqueous  solutions. 
However,  the  grain  sizes  of  the  deposit  are  small 
(500-1000A  )  and  the  control  of  stoichiometry  is  diffi¬ 
cult  [?.]•  It  is  necessary  to  work  at  higher  temperatu¬ 
res  to  obtain  larger  grain  sizes  and  to  use  alternative 
source  of  tellurium  to  control  the  stoichiometry. 
In  a  recent  report  by  the  authors  [2j  it  has  been 
shown  that  large  grained  and  stoichiometric  CdTe 
layers  for  photovoltaic  applications  can  be  grown 
using  a  non  aqueous  bath  of  ethylene  glycol  (EG) 
containing  CdCI„,  TeCI.  and  Kl  at  160°C.  In  this 
paper,  we^reporf  the^athodic  deposition  characteristi¬ 
cs  of  Cd  and  Te  In  EG  and  the  conditions  to 
obtain  nearly  stoichiometric  deposits. 

The  cathodic  deposition  characteristics  of  CdTe 
were  investigated  on  polished  nickel  cathodes  with 
respect  to  a  platinum  reference  electrode.  The  in 
creasingly  negative  potential  sweeps  were  applied 
between  the  cathode  and  another  platinum  anode  imm¬ 
ersed  in  EG  at  160°C. 

Fig.1  exhibits  the  cathodic  polarisation  curves 
for  three  cases  viz.  EG  only  (curve  1),  EG+  M/3.3 
Kl  (curve  2)  and  EG+M/3.3  KI+1M  CdCU  (curve  3). 
The  absence  of  any  structure  in  curve  *1  indicates 
that  EG  can  he  used  safely  for  the  electrodeposition 
purposes  over  a  wide  range  of  potentials.  In  curve 
2,  the  cathodic  current  rises  abruptly  for  potentials 
IV  (vs.Pt).  This  rise  in  current  can  be  attributed 

to  the,+onset  of  potassium  deposition.  The  presence 
of  Cd  in  the  bath  however,  prevents  the  onset  of 
this  process  as  is  obvious  from  curve  3.  The  J 
onset  point  occurs  at  approximately  0.3V. 

Fig.2  exhibits  the  cathodic  polarisation  characte¬ 
ristics  in  a  bath  containing  FG+  f.^3.3  Kl  and  differe¬ 
nt  concentrations  of  TeCI  at  160°C.  The  commence¬ 
ment  of  J-^  onset  car  be  seen  to  depend  strongly 
on  the  TeCn4  concentration.  The  J  onset  shifts 

towards  more  negative  values  as  the  TeCI.  concentra¬ 
tion  is  increased.  This  negative  s-  if t  is  large  initia¬ 
lly  and  slows  down  for  higher  TeCI^  concentrations. 

The  cathodic  polarisation  characteristics  in  pre¬ 
sence  of  ‘  V3 .3  Kl,  1 M  CdCJp  and  different  molar 
concentrations  of  TeCI4  are  shown  in  Fig.3.  Three 
distinct  regions  can  be  seen  in  this  figure.  The  plateau 
region  corresponds  to  CdTe  formation.  The  region 
to  the  left  of  the  plateau  favours  Te  deposition  while 
that  towards  right  favoured  Cd  deposition.  The  depo¬ 
sition  current  can  he  seen  to  increase  on  both  sides 
of  the  plateau  region  as  the  potential  is  swept  in 

the  negative  direction.  This  behaviour  is  characteris¬ 
tic  of  a  compound  electrodeposition  process  where 
the  deposition  of  one  of  the  species  is  limited  by 
diffusion  f 3,4),  The  plateau  current  can  be  seen  to 
increase  in  fig.  3  as  higher  concentrations  of  TeCI. 
were  used. 

The  J-r  and  onset  can  also  be  seen  to 

shift,  towards'  aore  neq.it  ivo  values  with  increasing 
TnCI4  concentration.  The  reasons  for  the  observed 
ft‘-:r>»ive  shifts  ir.  tKe  onset  potentials  are  not  very 
clear  at  th*s  sta Cm*  nay  associate  the  observed 


shift  in  the  J^. .  onset  potential  to  two  possible  rea¬ 
sons  (i)  An  extra  potential  term  due  to  the  IR  drop 
caused  by  the  increased  thickness  of  the  CdTe  film, 
(ii)  The  existence  of  an  over  potential  term  for  the 
deposition  of  cadmium  on  CdTe. 

One  of  the  possible  explanation  for  the  shift 
in  JTe  onset  with  the  use  of  highejj^TeC^  concentra¬ 
tion  could  be  the  adsorption  of  Te**  ions*  on  the  ca¬ 
thode  surface.  A  thin  greyish  overcoat  was  indeed 
observed  on  unbiased  cathodes  dipped  in  the  electro¬ 
deposition  bath.  The  compositional  analysis  of  this 
overcoating  was  carried  out  with  the  help  of  an  ES- 
CALA3  Mark  II  X-ray  photoelectron  spectrograph  (V 
G  Scientific,  England)  under  ultrahigh  vacuum  con¬ 
ditions  using  MgK  x  source  and  sputtering  with  Ar  Ion 
gun  (for  details  see  ref .5).  The  depth  profile  of  this 
film  Is  shown  In  Fig.4.  Although  signals  corresponding 
to  cadmium  were  also  detected  In  the  Survey  scan, 
however,  the  narrow  scan  XPS  peaks  corresponding 
to  Cd  were  very  broad  and  their  binding  energies 
were  not  well  defined.  It  thus,  follows  that,  cadmium 
Is  present  in  traces  only.  A  major  part  of  the  film 
was  found  to  consist  of  tellurium  whose  concentra¬ 
tion  increased  with  increasing  sputtering  ti^e.  Our 
findings,  therefore,  give  clear  evidence  of  Te*  adsor¬ 
ption  on  nickel  cathodes.  A  possibility  emerging 
from  the  above  studies  is  that  the  non  aqueous  ele¬ 
ctrodeposition  of  CdTe  congi£ts  of  atleast  two  steps 
viz.(i)  the  adsorption  of  Te*  on  the  cathode  surface 
and  (ii)  its  subsequent  conversion  into  CdTe  by  the 
discharging  Cd*  .~r>s. 

According  to  the  theory  of  compound  electro¬ 
deposition  [3,4),  fairly  stoichiometric  films  can  be 
plated  at  a  potential  lying  in  the  plateau  region  close 
to  the  Jp  onset.  It  has  been  found  by  us  that  the 
potentiostatic  deposition  at  800mV  in  a  bath  contain¬ 
ing  1 M  CdCL  and  M/100  TeCI.  yields  fairly  stoich¬ 
iometric  deposits.  The  depth  profile  of  a  typical  as 
grown  film  under  these  conditions  is  shown  in  fig.5. 
The  Cd:Te  ratio  in  the  bulk  Is  1:0.96  which  is  fairly 
close  to  the  stoichiometric  composition  of  CdTe. 
The  presence  of  impurities  of  C  and  O  can  be  due 
to  their  incorporation  during  handling  of  the  samples 
and/or  from  the  electrolyte.  Carbon  can  be  easily 
removed  by  subjecting  the  films  to  a  post  deposition 
annealing  treatment. 

The  surface  topography  of  the  above  films  using 
SEM  [2]  revealed  a  fairly  uniform  surface  with  grain 
sizes  i.  m.  No  sign  of  cracking  could  be  observed 
in  samples  aged  for  seven  days.  Electrochemical  pho¬ 
tovoltaic  cells  with  V  =  530  mV,  J  •  5,6m A/cm  , 
fill  factor  =  0.4  and  efficiency  »  2.4^?  have  been  fa¬ 
bricated  from  the  as  deposited  films  which  proves 
their  potential  for  photovoltaic  applications. 
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A  FIRST-ORDER  NUMERICAL  ANALYSIS  >r  THE  EFFECT  OF  IN¬ 
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It.  has  bt--en  speculated1  that  ohmic  voltage  drops 
wi*hirt  *he  bulk  of  electrodeposi ?  ed  semiconductor  films 
can  hav  appreciable  effects  on  the  deposition  mechan¬ 
isms  and  resultant  film  stoicniomr-t ry ,  especially  with 
not  en*.  Lost  at  ic  control.  However,  rio  detailed  treat¬ 
ment  of  the  problem,  either  theoretical  or  experimental, 
exists  in  the  literature  and  cuc.n  possible  shifts  in 
t  : :r.  surf  a-:  o  deposition  potential  !E?t  are  usually  ne- 
t .=-,j  experimentally  without  a  real  "feel"  for 
wv’vr  *h.s  is  .ust  1  f.  ••  1.  When  superimposed  ont aj- 
i  *.a’.  v  -It age  drops  in  sp^ce-chanro  regions  at  the 
v  ;■ • ’-r  .  t-rut  ..-t  rate  and  deposi  t-elec  trolyte  interfaces, 

?e  ohmic  drops  o'ul.1  conceivably  cause  dramatic 


ort  preliminary  ‘heoreticai  analysis  cf  the 
*  of  ru.k,  ohmic  voltage  drops  on  the  conventional 
ar.jorpctent.  iai  deposition*12  cf  II-VI  compounds  such  as 
■f>.  The  analysis  and  accompanying  ccnpu*er  simula- 
indicat®5*  that  IP  These  voltage  drops  rarely  have 
c:*zri  f i  .ant  effects  upon  standard  v i tammogr.ams  with 
•  mmori  sweep  rates  >  1  mV / r  and  (2)  Deposition  of  in- 
t.rir.ni:  ma*®rial  at  the  potential  of  perfect,  st--* i  ;.hio- 
metrv  'if'cl  is  extremely  sensitive  to  these  voltage 
ir  ci.e  tr.  deposition  outside  of  the  narrow,  high 
res .  ■>*  i  vi * y f  :•  l  potential  range  near  the  PPS  leads  to 


sufficiently  large  native  doping  concentrations  and 
:  w  resistivities  that  deposition  is  relatively  ur.z: 


Th®  analysis  was  "inducted  in  terms  of  R.D.E.’s 
:r-‘v:  -us  model  for  CdTc  deposition11-  by  changing  the 
'F-F'  1  terms  in  the*  exponential  arguments  of  the  But- 
ler-V'Tmer  Equations  u::  and  *  m  Reference  2a  to 
E-E'  ♦  ftot-sl  i  .  .  where  E  is  th®  substrate-to- 

»•*••;*►. >•  voltage,  Ec  is  star:  lari  r*-duc  t  ion  potential, 

■  F-K' ;  : s  *  he  standard  ovtrpof ent ia 1 ,  jtota’  is  the 
'  •;.?«.  -:a»  nodi*  current  density,  and  p]  is  the  resist  i- 
v.’.y  the  differential  tr •  cknesr.  ,  plated  during 
.  *  ra *  i or;  i.  Thus,  it. oral  t  i  ‘  i  i-~  dimply  the  present 
■■  urren*  density  'to  be  determined  1  multiplied  by  the 
*.  ’.i.  series  resistance  ,-f  the  film  as  obtained  by 
v  i  tr.o  individual  resistances  of  each  thickness 
e ! •■■nc’.*.  :  or.  i  p*r  cm'  basis  . 

rquat  i'-T.r.  and  •'* b  >  me  a  two  equation-two 
•nkr.-vwn  set:  y\<?  -  f T®fF.  JCd*  ’To'  »d'i 
f.d  :  f Cd ' F ,  sin*®  K  is  sp»m  i  ?  :*"*d  at  °ar h  t. 

'h®  :  te-ra*  :  .;r.,  1 


[him  equation  set  war  solved  on  a  persona!  conpu- 
t*'-r  by  an  iterative  procedure  using  th**  Turbo  PA.:'-AL 
Kn-ri't:  M'.-'  hC'i"  T'.'.:!ox™  pr»wi-,i  wECAKT.  !Nr 
'  F  rlar.d,  :  rd  ernat  ;  ria  I ,  In-..,  .'Scott.".  Valley,  ?A, 

.  i .  Norma .  i  y ,  p--t.®nh  i c-stat  i •:  dep-  1 1  ion  war  assumed 
a  :  •  h  {■;'♦:  :-pe'i{\rd  and  ar.i  hen-®,  hr.® 

r;j  - met  ry  determining  variable  M=  '>  2 .  r>J •'  ife  -  ll/f 
r. /t.-r:  al  1  v  determined.  In  other  ;  a:?er,  ,  ,  i  and  M 

we*'  rpe<  i  r;e*j  an  J  C',)  a  ;  ,jl  it.f*d  . 

The  *-e;j j  gist  of  the  problem  ir.  the  'hang/1  in  rc— 
*::*•  ;  ; i *  7 ,  i  ,  with  rt i <-  r. :ometry  and  time.  Th°  pro- 
n  -  f  i r.trinr t resistivity  from  native  excesses 
r  d-  f  i  .  ier/ ie:-  >n  an  '•xtremely  djfJ'if.uit  pr--*b i eir, '  m- 
v  Iving  vuple-j  equilibria  between  roui*  i  |>l  y- ionised 
v-i  ary  i'-r  and  irR  erst  :  Mai  atoms  ar.d  .'-••lf-^  r:mper,.-.at  i  i*. 
'•f  fer.  *  .  N  •  ‘  omp  1  etc  i  y  : ,  j  t  1  fa ;  t  ■  TV  male  I  oxir.t"  in 

*  h*'-  literature.  T'-  initially  av  ■,  :  the  ■  r.agni- 

*  ude  increase  ir.  irl-i-fl  cmplexjty  acre  j  >,•;?.»,  tv,*- 

*  *  r,*‘rri  - ivnam;-  ,  we  ur'  d  -i  f  ;r  •-*  -  r  d-a  *■;••  irate 


ir.-i 


x?  are  the  gross  Od  and  Tc- ,  respectively,  mole  frac¬ 
tions  in  me  deposit  Layer  '<j  i  under  consideraf  icr.  . 
ar.d  ni  is  the  intrinsic  carrier  density.  This  assume,, 
monovalent  defects  and  complete  ionization  but  gives  r 
"baliparic"  estimate  c-f  the  change  is  c  :  P“*  due  to 
stoichiometry  changes  about  the  FPU.  cmin  was  taken 
as  ni2-'Cfrd  j .  Although  somewhat  simplistic,  this  mode, 
was  convenient  to  utilize  and  provides  first  order 
ideas  of  now  the  bulk  film  voltage  drops  affect  depcs 
it  ion. 

Figur®  1  exhibits  a  plot  of  the  total  cathode 
substrate- to  reference  '.THE'.1  voltage  required  to  fore 
perfect  stoichiometry  in  a  I  cm1*  CdTe  deposit.  Since, 
}jr-  is  assumed  t  a  equal  a  constant  di ffusi un-Iimitei 
value  of  !Cr.QC  uA/om''  near  perfect  stoichiometry, 
this  is  equivalent  tc  the  voltage  required  to  force 
'Cd  =  0 . t-  ;t^  =  £  1  (.A'.:.m-  so  that  M= 2 JCd'" -T®  “•  ' 

Experimentiaily  Fig.  i  would  represent  a  plot  li¬ 
the  compliance  voltage  versus  time  for  a  gal ven  .n V. 
set  to  lvA.3r-  wA/cm'  .  The,,  intrinsic  carrier  density 
was  estimated  tc  be  "  •  which  yielded,  w:tr. 

mobility  values  u,.  =  ill.'  cn-.'V-s  and  =  •'  -cm-  V-s 
an  intrinsic  resistivity  c-f  7  .  1C*  ohm— cm.  Tree 
iteration  steps  w-*re  set  .it  i'.  seconds  of  depooitirr. 
per  1  ir.  ite  thickness  e  I  erne;  which  correspor.ced  \.r 
roughly  .1  nr.  per  sec  and  cf  deposition. 

Figure  ?  exhibits  a  corresponding  plot  of  resis¬ 
tance  vs.  time  sr; awing  the  rapid  buildup  cf  film  re¬ 
sistance  w :  -  h  the  intrinsic  material.  7*.  nas  a  slope 
of  approximately  ""  ..-.hire's  whict,  with  a  current  den¬ 
sity  of  Jr-.V  .iA'cmT  over  i  cm4",  produces  a  slope  of 
".212  V.'s,  a  manor  drift.  This  indicates  that  if  one 
can  experimentally  Jet  err,  in-*  tr.e  true  FFi*  for  potent  i 
static  control,  the  rapidly  increasing  internal  v:l- 
f-age  drop  would  shift  the  actual  dep.'si t-surface-tc- 
referer.ee  voltage  posit  iv®,  out  or'  th-  nai .  -yw  high-, 
region,  and  into  a  low-o  region  heavily  rich.  :n  Te 
interstitials  3r.d  Cd  vacancies.  At  this  p'int,  de¬ 
position  will  proceed  with  little  subsequent  change  . 
surface  voltage,  stoichiometry,  and  resistivity. 

This  same  effect  micht  te  anticipated  with  p:t®n- 
tiostatic  Yoltammetnc  analysis  as  E  drifts  negat  i voir 
across  the  FFF.  However,  the  simulations  snow  that 
for  "reasonable”  sw*-ep  rate?  '  ■  1  trX's  ,  th®  time  *r.a 
the  voltage  is  in  the  high-t1  region  is  short  <  1 " s ’ 
so  th*  resist  an;®  buildup  and  v..  I  tag-  iroi  .v. 

rinj?  w: t.n  "reasot.^ble"  current  densities  ••  1  r*A  ~  • 
are  insufficient  to  perceptively  alter  voir ammetrio 
structure.  However,  space-charge  regions  an:  -unt: •» 
offer  ts,  not  ..considered  ;n  this  analysis,  m  -*  :  • 

~  visible  strj.  tur®s. 

inclusion  of  solubility  and  phase 
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Cadmium  Telluride  in  thin  f  i  1  tr.  form  is 
emerging  as  potential  material  for  several 
ootoolect rcnic  devices  including  sMar  cells. 

A  key  requirement  for  such  apr.-l  i  car  i  -ns  is 
that  CnTe  films  should  comprise  of  la  roc 
size  oriented  crystallites.  Electroplated 
.'.'dTc  films  generally  shew  nonsto  ich  i  cmer  ry  , 
macroscopic  cracks  and  poor  crvstal  1  initv 
'.'o  describe  here  an  electrochemical  technique 
and  growth  conditions  which  yield  essentially 
toe  single  '-rystal  CdTe  films.  Hero,  an  •*  r  u  a  - 
r.  i  c  electrolyte  D  M  S  0  in  cl  ace  cf  an  aqueous 
"'odium  is  employed.  This  enables  deposition 
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ELECTRODEPOSITION  OF  Cd,  Zn  S  and  Cd,  Bi  S  FILMS 
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C.D.  Lokhande,  V.S.  Yerraune ,  M.S.  Jadhav, 

R.D.  Madhale  and  S.H.  Pawar 

Energy  Studies  Laboratory,  Department  of  Physics, 
Shivaji  University,  Kolhapur  - 
416  004  (India). 

The  preparation  of  thin  film  semiconductors 
with  electrodeposition  technique  has  some  advant¬ 
ages  over  other  physical  and  chemical  deposition 
techniques.  It  is  easy  and  economical  as  semi¬ 
conductors  with  no  or  small  waste  of  materials 
could  be  prepared.  A  flexibility  in  the  electro¬ 
deposition  technique  is  attractive.  A  variety  of 
electrodeposition  techniques,  either  singly  or  in 
combination  with  others  have  been  reported  to 
produce  better  quality  semiconductors.  This 
technique  has  been  employed  for  the  deposition  of 
elemental,  binary  and  ternary  s^i^nductor  thin 
films  onto  different  substrates'  ’  .  The  tern*./ 

semiconductors  include  CuInSe_,  CuInS_,  CuInTe_, 
AglnSe2>  HgCdTe  etc.  Z 

In  this  paper,  we  report  on  the  electro¬ 
deposition  of  Cd,  Zn  S,  and  Cd^_  Bi^S  thin  films 
(0<x<l).  The  films  were  prepared  from  aqueous 
acidic  and  alkaline  solution  baths.  Sodium 
selenosulfate  was  used  as  a  sulphur  source  and  EDTA 
was  used  as  a  complexing  agent.  The  films  were 
deposited  on  ITO,  Ti  and  stainless  steel 
substrates.  All  depositions  were  carried  out  at 
room  temperature  without  stirring  the  bath. 

As  deposited  Cd,  Zn  S  films  were  well  adhesive 
to  the  substrates  andxthe  film  thickness  was  2-3  i«m 
for  the  deposition  period  of  30  min.  The  films  are 
polycrystalline  in  nature.  The  polarization  curves 
showed  that  the  electrodeposition  potentials  for 
alkaline  baths  were  higher  than  in  the  acidic  baths 
and  f ilms  were  of  better  quality  with  alkaline 
baths.  The  bandgaps  of  CdS  and  ZnS  were  estimated 
as  2.4  and  3.55  eV,  respectively.  The  nonlinear 
dependence  of  bandgap  on  Zn  content  was  observed. 

The  Cdj  ^Bi  S  films  from  acidic  baths  were 
rough  and  amorphous  or  consisted  of  fine  grains. 

The  alkaline  bath  films  were  smooth.  The  electro¬ 
deposition  potentials  varied  between  -  200  to  -  100 
mV(SCE)  as  Bi  content  increased  in  the  films.  The 
optical  absorption  studies  showed  that  the  Bi 
has  indirect  (1.4  eV)  and  direct  (1.8  eV)  bandgaps. 
The  dependence  of  Eg  on  Bi  content  in  Cd^^Bi^S 
films  is  nonlinear. 

The  (photo)  electrochemical  studies  of 
Cdj  Zn  S  and  Cd^  Bi^S  films  showed  that  the  films 
are  phofoactive  an&  n*type  in  nature. 
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LP1S  du  CNRS  "Physique  des  Liquides  et  Electrochimie" 
Tour  22  -  A  place  Jussieu 
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CuInSe2  is  a  semiconducting  material  specially 
attractive  to  make  absorbing  electrodes  in  photoelec- 
trochemical  devices.  It  was  cemonstrated  that  a  single 
crystal  electrode  in  contact  with  a  1/1"  redox  solu¬ 
tion  is  protected  against  photocorrosion  by  a  solid 
hetero junction  and,  so,  presents  a  good  solar  conver¬ 
sion  efficiency  during  very  long  times  (1,2).  Several 
attempts  were  performed  in  order  to  prepare  thin  poly¬ 
crystalline  CuInSe2  films  by  various  techniques  and 
more  particularly  by  using  electrocrystallization.  A 
first  approach  consists  in  preparing  a  Cu-In  film,  by 
alloy  deposition  or  by  alternating  deposition  of  Cu 
and  In  layers,  followed  by  a  cheuical  treatment  of 
selenization  (3, A).  The  simultaneous  codeposition  of 
the  three  elements  was  also  succe; sfully  achieved, 
however  the  deposits  were  generally  quite  amorphous 
and  required  a  heat  treatment  to  improve  their  crys¬ 
tallinity  (5,6). 

The  aim  of  this  study  is  to  analyse  the  electro¬ 
crystal  lizat  ion  kinet  ics  involved  ’’n  the  simultaneous 
deposition  of  the  three  elements,  in  order  to  deter¬ 
mine  the  conditions  leading  to  the  formation  of  the 
definite  compound  with  a  good  chalcopyrite  structure 

(7).  Considering  the  disparate  values  of  the  equili¬ 
brium  potentials  (ESe  =  -0.05V  ;  E~u  “  -0.38V  and 
E[n  «  -1.06V/SSE,  for  c  *  10'2«/1  and  pH  -  2)  the 
addition  of  a  complexing  agent  appears  to  be  necessary. 
On  the  base  of  the  works  of  Chassaing  and  al  (8)  on 
copper  electrodeposition,  a  sulfate  solution  contai¬ 
ning  citrate  ions  was  chosen.  Compound  layers  were 
deposited  at  room  temperature  on  a  Ti  or  Ni  rotating 
disc  electrode  (SI  =  500  rpm)  and  investigated  by 
various  techniques  as  X-Ray  diffraction,  SEM  and 
energy  dispersive  X-Ray  analysis.  The  bandgap  was 
evaluated  by  spectrophotometry  of  reflected  light. 

The  electrolyte  solution  is  an  acidic  aqueous  solution 
(1.5  <  pH  <  A. 5)  of  CuS04  (5  to  lOmM/1),  In2(S04)3 
(10  to  20mM/l),  Se02  U0mM/l)  and  K2S04  (60  to  80mM/l) 
containing  20  to  80mM/l  of  sodium  citrate. 

In  a  preliminary  step  the  electrodeposition  of  the 
Culn,  Cu-Sc  and  In-Se  binary  alloys  was  explored.  For 
example  Fig.l  deals  with  the  Cu-ln  system.  Without 
any  complexing  agent  (polarization  Curve  1)  pure 
copper  is  formed  at  first.  The  current  tends  to  be 
limited  by  Cu++  diffusion.  Beyond  Ejn  =  -1.06V/SSE, 

In^+  ions  are  also  reduced.  The  deposit  is  then  a 
black,  poorly  crystallized  Cu  +  Cu4In  +  Cugln4  mixture. 
Its  pulverulent  structure  induces  an  irreversible  rise 
of  the  current.  Addition  of  citrate  (Curve  2)  shifts 
Ecu  towards  negative  values,  lowers  the  plateau 
current  corresponding  to  the  diffusion  of  free  Cu"*-*- 
ions,  and  a  new  plateau  appears  beyond  -  -1.A5V/SSE 
which  corresponds  to  the  formation  of  smooth  and  well 
crystallized  layers  of  Cuqln4.  The  formation  of  this 
definite  compound  appears  to  be  correlated  with  the 
slowing  down  of  the  interfacial  reaction  by  the  citra¬ 
te  ions. 

Polarization  curves  corresponding  to  the  deposition 
ui  the  ternary  compouno  are  presented  on  Fig. 2. 

Without  citrate  (Curve  1)  the  current  is  not  stationa¬ 
ry  because  of  the  formation  of  a  powdery  deposit  of  a 
CujSe2  +  Cm  mixture.  Traces  of  In  are  detected  by 
mi c j oana t y b i s .  After  addition  of  complexing  agent 
(Curve  2)  appears  two  plateaus.  On  the  first  one,  more 


or  less  marked  depending  on  <Cu++>,  are  obtained  hete¬ 
rogeneous  layers  of  Cu2_xSe  belonging  to  the  Berze- 
lianite  structure.  The  second  plateau  is  relevant  to 
the  formation  of  smooth  and  dense  layers  of  Cu-In-Se 
alloys  (Fig. 37.  Like  in  the  case  of  the  CdTe  electro¬ 
deposition  (7),  the  variations  of  this  plateau  current 
versus  the  rotation  rate  ( in  a  1*1  vs  plot)  do 

not  follow  the  Levich's  law  indicating  that  the  over¬ 
all  deposition  rate  is  limited  by  mass  transport  and 
by  a  slow  surface  process.  On  the  plateau,  the  compo¬ 
sition  of  the  deposit  varies  with  the  potential,  in 
particular,  the  Cu/Se  ratio  decreases  then  the  poten¬ 
tial  becomes  more  negative.  Finally  the  best  deposits 
are  obtained  at  -0.95V/SSE.  The  X-Ray  diffraction 
diagram  (Fig. A)  is  characteristic  of  the  tetragonal 
chalcopyrite  structure,  with  a  strong  (20A.220)  pre¬ 
ferred  orientation. 

k CdTe,  CuInSe2  is  obtained  at  a  potential  less 
negative  than  the  equilibrium  potential  of  the  less 
noble  metaL.  According  to  the  Kroger's  theory  (9), 
this  shift  of  potential  would  be  due  to  the  gain  of 
Gibbs  free  energy  provided  b>  the  crystallization  of 
the  definite  compound. 

The  Fig. 5  presents  the  total  light  reflectance 
versus  the  wavelength  for  deposits  prepared  at  two 
different  potentials.  The  bandgaps  (0.95eV  and  l.lbeV) 
evaluated  from  the  characteristic  wavelengths  are 
close  to  the  theoretical  »*«1ue  (T.OSeV). 

The  responses  of  these  layers  used  as  active  elec¬ 
trode  in  a  photoelectrochemical  cell  are  presently 
invest igated. 
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Introduction 

Polycrystalline  CulnSe2  thin  films  have  shown 
promise  as  a  stable  semiconductor  material  for 
producing  high  efficiency  solar  cells  (1,2).  For 
achieving  low-cost,  large  area  production  of  CuInSe2 
thin  films,  electrodeposition  is  an  attractive 
process  with  high  efficiency  in  material  use  and 
scalability.  There  has  been  significant  efforts 
devoted  in  electrodeposlting  CuInSe-  thin  films  with 
varied  degree  of  success  (3,4).  fn  this  paper,  we 
discuss  our  efforts  in  the  development  of  the  one- 
step  electrodeposition  process.  Effects  of  post- 
annealing  conditions  and  chemical  treatments  will 
also  be  described. 

Experimental 

The  thin  films  were  deposited  potent iostatlcal- 
ly  from  a  unstirred,  deareated  aqueous  solution  onto 
Molybdenum  (Mo)-coated  substrates.  The  solution 
formulation  and  the  concentrations  of  the  key 
ingredients  (Cu(ll),  In(Ill),  and  H^SeO^)  were 
adjusted  empirically.  The  deposition  process  was 
controlled  by  a  computer-based  instrumentation  with 
a  program  developed  to  deposit  either  single  layer 
or  bi-layer  films  with  desired  thickness  (5).  Post- 
annealing  was  carried  out  in  flowing  argon  in  a  Lube 
furnace.  Potentials  are  reported  vs.  SSCE. 

Results  and  Discussion 

One-Step  Electrodepositlon  Process 

Since  In  cannot  be  directly  deposited  on  Mo  due 
to  poor  surface  affinity,  the  one-step  electrodepo- 
sltion  method  required  modification  of  the  Mo 
surface.  This  was  accomplished  by  depositing  a 
layer  of  Cu  and  Se  mixture  that  would  provide  the 
reaction  (deposition)  sites  needed  for  In  ions  from 
Cu£  and  t^SeO^,  whose  reduction  potentials  on  Mo 
electrode  surface  are  0.18  V  and  0.0  V,  respec¬ 
tively.  Formation  of  a  smooth  layer  of  Cu  and  Se 
mixture  on  Mo  promoted  the  underpotent ial  deposition 
of  In  at  potential  as  low  as  -0.2  V  when  compared  to 
the  reduction  peak  potential  of  -0.80  V  (no  In  film 
formation)  of  In^+  on  Mo. 

Solution  Formulation  vs.  Film  Quality 

The  solution  formulation  is  critical  foi  a 
successful  one-step  electrodepositlon  to  produce 
high  quality  Cu/nSe2  thin  films  with  desired 
composition,  uniformity,  smooth  morphology,  high 
density  and  good  adhesion.  To  achieve  smooth 

morphology,  deposition  rates  of  Cu  and  Se  had  Lo  be 
controlled  by  using  relatively  low  solution 

concentrations  of  CuSO.  and  H_Se0~,  which  also 
*»  2  3 

promoted  higher  film  density.  Leveling  agents  were 
also  used  to  further  improve  the  film  morphology 
(6).  The  elect rode posited  films  have  also  shown 
good  adhesion. 


Deposition  Conditions 

me  films  were  deposited  potent iostat leal ly 
from  unstirred  solution  to  establish  the  steady 
state  mass  transfer-limited  reaction  condition  in  30 
seconds.  This  helped  produce  good  compositional  and 
thickness  uniformity.  Fig.  1  shows  the  film 
composition  as  a  function  of  deposition  potential  in 
the  range  from  -0.73  V  to  -0.55  V.  The  as-deposited 
films  are  normally  rich  in  Se  (>  50  atZ),  which  is 
reduced  Lo  ^  50  atZ  upon  annealing  in  At  while  the 
Cu/In  ratio  remains  virtually  unchanged.  For  making 
bi-layer  CuInSe2  films,  a  two-  or  three-potential 
method  was  employed.  The  potential  change  was 
computer-controlled . 

Thin  Film  Structure 

The  as-deposited  thin  films  normally  have  small 
grains,  whose  size  is  increased  upon  annealing. 
Chalcopyrite  structure  is  observed  for  Cu-rich  or 
near-stoichioraetrlc  thin  films.  Figure  2  shows  the 
x-ray  diffraction  patterns  of  (a)  as-deposited  and 
(b)  annealed  film,  compared  to  (c)  a  vacuum-evapor¬ 
ated  CuInSe2  thin  film.  As  the  film  composition 
becomes  In-rich,  sphalerite  structure  is  observed. 

Chemical  Treatments 

The  effects  of  etchants  on  removing  the 
impurities  from  grain  boundaries  and  or.  the  film 
composition,  structure  and  electrical  propet  ties  are 
interesting.  Data  will  be  presented  which  will  show 
how  Cu-rich  films  are  converted  into  In-rich  films 
upon  treatment  in  cynide-based  solutions. 

Fhotovo ltaic  Devices 


Devices  made  of  the  annealed  CuInSe,  tnlr,  films 
were  all  photovolLaical  ly  active.  The“lr  spectral 
responses  and  perfotmanee  will  be  presented. 
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Stoichiometric  cadmium  sulfide  thin  films  have 
been  successfully  prepared  from  nonaqueous  solutions 
(propylene  carbonate)  using  trlphenylstiblne  sulfide 
(TSS),  cadmium  perchlorate  and  lithium  perchlorate 
as  a  supporting  electrolyte1 .  Using  room 
temperature  deposition  baths,  CdS  coatings  were 
fabricated  that  had  good,  reproducible  solar 
conversion  properties.  The  advantage  of  utilizing 
ambient  temperatures  is  that  the  electroplating 
solutions  are  stable  almost  indefinitely  (some  have 
been  kept  for  over  two  montns).  Galvanostatl - 
deposition  conditions  were  used  because  of  the  high 
resistivity  of  the  as-deposited  films  M0‘  fi«cro). 
Unfortunately  the  reported  current  densities  needed 
to  procure  uniform  and  stoichiometric  films  were 
quite  low  (-100  uAmp/cro*),  necessitating  long 
deposition  limes  (1-2  hours).  For  this  reason,  the 
electrodeposition  mechanism  was  studied  to  determine 
conditions  that  permit  increased  current  densities 
without  the  risk  of  Incorporating  cadmium  metal 
impurities  and  the  results  are  reported  in  the 
present  paper.  After  the  first  few  monolayers,  the 
electrochemical  process  occurs  at  the  CdS/solutlon 
interface.  As  a  result,  almost  all  of  the  film 
growth  is  determined  by  the  electrochemistry  at  this 
interface.  Consequently  the  electrodeposition 
mechanism  was  studied  at  this  interface. 

To  determine  If  the  mechanism  changed  with 
temperature,  the  process  was  studied  at  various 
temperatures  up  to  100°C.  The  kinetic  order  at 
lOO^C  was  the  same  as  that  at  22°C.  For  the 
elevated  temperature  experiments,  trlfiate  salts 
were  used,  due  to  the  instability  of  perchlorates  at 
these  temperatures. 

Because  films  of  CdS  containing  cadmium  metal 
deposits  are  not  photoactive,  limiting  deposition 
currents  were  determined.  The  minimum  current 
density  at  which  cadmium  deposition  begins  depends 
on  the  [TSS] :[Cd** ]  ratio  In  solution  and  on  the 
temperature.  The  electrodeposition  of  CdS  from  TSS 
solution  was  also  found  to  occur  electrolessly  at 
1 00°c  at  a  very  slow  rate. 

Reference 

1.  S.  Preusser  and  M.  Cocivera,  Solar  Energy 
Materials,  15,  175-188  (1987). 


541 


Abstract  No.  371 

DEVELOPMENT  OF  A  NOVEL  "GENERIC"  TRIPLE  SOLVENT  BATH 
FOR  ELECTRODEPOSITION  OF  METAL  CHALCOGENIDE  AND 
"BRIGHT"  METAL  FILMS 

PART  Is  COMPARISON /CONTRAST  OF  PRESENT  SINGLE/DOUBLE 
SOLVENT  BATHS 

Robert  D.  Engelken,  Hal  McCloud 
David  Moss,  Emmett  Smith 
Hoshang  Hormasji,  and  Wendell  Wells 
Arkansas  State  University,  P.O.  Box  1080 

State  University  (Jonesboro),  Arkansas  72467 

The  Molecularly  Dissolved  Chalcogen  (MDC)  method 
for  e lectrodepositing  metal  sulfides^and  sclcnlJ-s , 
as  pioneered2by  Baranski  and  Fawcett  and  invest¬ 
igated  by  us  ,  utilizes  organic  solvents  (e.g. 
ethylene  glycol)  in  which  metal  salts  are  ionically 
soluble  and  sulfur  and/or  selenium  are  soluble  in  the 
elemental,  molecular,  zero-valence  states;  e.g.  S„ 
molecules,  X  *  1-8.  The  compound  film  is  formed  by 
(1)  The  plating  of  the  metal  followed  by  rapid 
chemical  reaction  with  the  double  layer  chalcogen 
and/or  £2)  Reduction  of  chalcogen  molecules  to  anions 
(e.g.  S  )  which  precipitate  with  "free"  metal  ions  at 
nucleation  sites  on  the  cathode  surface.  The  method 
is  versatile  and  valuable  for  depositing  a  wide  range 
of  metal  chalcogenides . 

However,  strong  coordination  complexes  formed 
between  the  solvent  and  metal  ions  limit  the 
concentration  of  "free"  metal  ions  as  well  as  reduce 
the  effective  rate  constants/transfer  coefficients. 
Thus,  metal  deposition  is  often  "sluggish"  in  pure 
organic  solvents,  especially  near  room  temperature 
(T).  ^Current  densities  (j)  may  be  as  low  as  10-100 
uA/cra  at  voltages  sufficiently  low  in  magnitude  to 
avoid  rapid  solvent  electrolysis  (and  bath 
"poisoning")  at  anode  and  cathode.  The  increased 
viscosity  of  many  organic  solvents  over  that  of  H^O 
also  reduces  ionic  mobility  and  bath  conductivity, 
and  increases  voltage  drops  across  the  bath. 

Another  problem  with  pure  organic  baths  is  that 
many  of  the  anions  of  soluble  metal  salts  are  trouble¬ 
some.  For  example,  chlorides  tend  to  form  dendritic, 
powdery  deposits,  especially  with  pure  metal  plates. 
Nitrates  drastically  decrease  cathode  current 
efficiency  and  perchlorates  are  hazardous  and  them¬ 
selves  cathodically  reduced.  Organic  anions  are  sub¬ 
ject  to  electrochemical  modification  and  often 
chelete  the  metal  ions  and  inhibit  deposition.  The 
"perfect"  anion,  sulfate,  is  rarely  useable  since 
most  metal  sulfates  are  relatively  insoluble  in  pure 
organics . 

Molecular  chalcogen  is  itself  only  moderately 
soluble  in  most  organics  near  room  T.  For  example, 
the  solubility  of  sulfur  in  ethylene  glycol  is  of 
order  10  M  at  room  T. 

At  the  other  extreme,  molecular,  unionized 
chalcogen  is  not  soluble  in  pure  aqueous  solutions  so 
the  MDC  method  is  not  readily  applicable.  Further¬ 
more,  aqueous  solutions  tend,  in  the  absence  of 
chelating  or  brightening  agents  (e.g.  CN  ),  to  yield 
large-grained,  mat-like  metal  deposits  rather  than 
mirror-smooth  plates  witu  microscopic  uniformity,  as 
often  desired  in  semiconductor  applications.  Indus¬ 
trial  sulfate-based  plating  baths  often  require 
brightening  agents  to  be  effective. 

For  example,  one  area  where  absolutely  uniform 
metal  plates  are  needed  is  the  formation  of  metal 
chalcogenides  such  as  CuInSe.  by  sequential 
electroplating  of  precision  thicknesses  of  some  or 
all  of  the  elements  fallowed  by  annealing,  often  in 
an  at^osphi.iC  of  H2X.  Furthermore,  j's  >  100's 
uA/cm  and  high  current  efficiencies  (-i)  are 

desirable.  EDTA  can  shift  F  sufficiently 

Mv + / rt 

negative  that  u  is  reduced  due  to  electrolysis 


and  metal  hydroxides  are  formed  in  aqueous  baths.  In 
general,  there  exists  a  reciprocal  relationship 
between  "br ightness"/uni formity  and  n  and  optimum 
practical  baths  often  require  additives  specific  to 
that  metal  (e.g.  sulfamate  for  indium,  B-napthol  for 
tin,  nitrosohalides  for  ruthenium).  Simple,  safe, 
convenient,  and  "generic"  baths  superior  to  the 
cyanide  bath  would  be  valuable. 

Our  previous  works  describe  development  of  a 
novel,  patented  mixed  organic  acid  (e.g.  propionic 
acid)/H20  bath  in  which  [S]  -->  1  M  and  the  free  H 
introduced  by  the  H2O  dissociation  of  the  acid 
greatly  increase  the  concentration  of  "free"  uncom- 
plexed  metal  ions  and  enhances  metal  plating. 
Furthermore,  the  low  pH  (0-2)  shifts  the  standard 
reduction  potential  of  the 
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to  +  0.142  V  (SHE)  and  allows  for  copious  H2S 
formation. 


( liq) 


The  disadvantages  of  this  bath  are  the  tenden¬ 
cies  toward  (1)  Dendritic  pure  metal  plates  due  to 
the  low  pH  and  (2)  Powdery  metal  sulfide  deposits,  in 
the  presence  of  sulfur,  because  of  (1)  and  the  H?S 
precipitating  with  free,  unplated  metal  ions  in  the 
double  layer. 

Thus,  as  discussed  in  Part  II,  a  strong  need 
exists  for  alternate  baths  for  convenient,  fast,  and 
economical  deposition  of  adherent  metal  sulfides  or 
mixed  sulf ides/tellurides  or  selenides. 
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Part  I  discussed  various  advantages  and  dis¬ 
advantages  associated  with  baths  presently  used  to 
electrodeposit  metals  and/or  metal  chalcogenide.: . 

In  light  of  the  factors  discussed  in  Part  l,  we 
report  development  of  "generic"  mixed  ethylene  or 
propylene  glycol,  H_0,  organic  acid  bath  which 
exhibits  potential  for  electroplating  very  smooth, 
uniform,  small -grained /bright  metal  or  metal 
chalcogenide  films,  depending  on  whether  molecular 
and/or  ionic  chalcogen  is  introduced  to  the  bath, 
from  metal  sulfate  or  EDTA  salts. 

The  nominal  solvent  composition  is,  by  volume, 
40:10:3  glycol:  H20:  acid.  Each  liquid  plays  an 
important  role. 

The  water  allows  dissolution  of  the  metal  sul¬ 
fates  which  have  a  very  low  solubility  in  pure 
glycols.  The  bath  is  saturated  with  sulfate  salts 
and  the  excess  lies  at  the  cell  bottom.  Stirring 
produces  a  turbid  bath  due  to  the  suspension  of 
undissolved  salts  but  this  has  no  detrimental  effect 
on  the  electrodeposit  ton. 

The  water/acid  combination  allows  acid  ioniz¬ 
ation  and  lowered  pH':;  without  the  H20,  the  acetic, 
propionic,  or  butyric  acidj  do  not  ionize  to  any 
appreciable  extent.  The  H  minimizes  the  coordin- 
at ion/complexing  of  the  metal  ions  by  the  solvent, 
thus,  producing  much  less  sluggish  deposition  and  j's 
>  1  mA/cm  in  most  cases.  Also,  bach  conductivity 
salts  are  not  nertd®d.  The  H,0  also  provides  for  02 
evolution  at  inert  anodes  and  c i r Lumvenio  serious 
solvent  breakdown. 

The  glycol  serves  as  a  brightening  agent  since 
it  is  the  majority  solvent .  Simple  HjO/organic  acid 
baths  tend  to  yield  powdery,  dendritic  plates  with 
sulfate  baths,  but  mirror-bright  metal  plates  are 
produced  in  the  triple  solvent  baths. 

The  glycol,  through  the  dilution  effect,  also 
serves  as  a  pH  moderator;  i.e.  relatively  large 
organic  acid  additions  can  be  accommodated  without  a 
tremendous  decrease  in  pH.  Thus,  the  glycol  serves 
as  a  physical,  rather  than  chemical,  buffer.  There 
is  no  indication  that  glycol-acid  (analogous  to 
alcohol -ac id)  reactions  occur  near  room  T  and  the 
baths  are  very  stable. 

Another  key  advantage  of  the  propylene  glycol/ 
H20/propiomc  acid  solvent  is  its  extremely  low 
toxicity;  both  propylene  glycol  and  propionic  acid 
are  common  food/cosmetic  additives. 

EDTA  as  a  complexing  agent  produces  an  addit¬ 
ional  brightening  effect  for  metals  such  as  copper. 
The  acid  shifts  the  complex  dissociation  equilibria 
more  toward  the  free  ion,  thus,  increasing  i  while 
still  preserving  bright  deposits  not  containing  oxide 
or  hydroxide  contaminants,  as  form  in  neutral  aqueous 
solutions  at  high  j.  Since  many  metal -EDTA  complexes 
are  soluble  in  pure  organics  (e.g.  JCuNa^DTAl 
'  0.1  M  in  ethylene  glycol),  the  EDTA  also  tends  to 
increase  metal  ion  concentrations  over  that  with 
sul fate  alts. 


Chalcogen  remains  molecularly  soluble  in  the 
dominantly  organic  bath  and  metal  chalcogenides  are 
conveniently  plated  with  j's  usually  greater  than 
with  pure  organics.  However,  one  key  disadvantage  of 
the  MDC  method  is  accented:  the  tendency  to  form 
metal-rich  films.  That  is,  since  higher  currents 
flow  at  room  T  where  the  M-X  reaction  rate  is 
relatively  low,  it  is  easy  to  form  meta  l-r  ich  films 
unless  j's  are  controlled  via  a  galvanostat.  Another 
interesting  but  troublesome  effect  with  multi-valence 
state  compound  families  is  the  tendency  of  the  film 
to  "catastrophically"  convert  from  one  phase  to  the 
other.  For  example,  green  CuS  films  are  easily 
deposited  at  room  T  from  40:10:3  ethylene  glycol/H_0/ 
propionic  acid  baths  of  CuNa2EDTA  and  S  (saturated;. 
However,  commonly  there  will  suddenly  appear  brown/ 
gray  "splotches"  on  the  same  substrate  yielding  a 
"mosaic"  or  "camouflage"  pattern.  It  appears  that 
random  protrusions  or  localized  j  maxima/ i regular¬ 
ities  cause  enhanced  electric  fields  that  propagate 
the  protrusions  and  associated  Localized  j  increases 
even  more,  causing  a  "run-away"  copper  current  that 
shifts  the  film  toward  thick,  brown/gray  Cu2S  in 
these  regions  and  leaves  the  green  CuS  background 
relatively  unchanged.  This  effect  is  not  observed 
with  Cu  S  deposition  from  pure  glycol  solutions  (Ref. 
2a-Fart*I ) . 

Without  H20  to  ionize  the  acid,  the  bath  acts 
very  similar  to  the  pure  glycol  baths  and  yields 
smooth/uniform  metal  sulfide  films.  However,  the 
large  S  solubility  in  propionic  acid  (“  1  M)  changes 
to  gross  solubility  to  "  0.1  M,  depending  on  the 
solvent  ratios.  Oddly,  >  502  of  pure  acid  tends  to 
impede  deposition  and  plating  is  difficult  out  of 
"’ire  anhydrous  acids.  Near  the  502/502  mix,  very 
stolcniometr  lc  metal  suluuc»  are  deposited  due  to 
the  acid  S  "loading". 

Probably  the  greatest  utility  of  the  triple 
solvent  Jth  is  its  ability  to  yield  mirror-bright 
plates  of  a  wide  range  of  pure  metals  by  use  of 
readily  available  and  trouble-free  sulfate  and/or 
EDTA  salts.  Outstandingly  uniform  copper  plates  are 
produced  from  0.1  M  CuNa2EDTA  baths  of  40:10:3  ethy¬ 
lene  glycol/H20/propionic  acid  baths.  80:20:3 
mi  -turps  containing  (InKCSO^)^  have  just  recently 
been  developed  to  yield  indium  plains  *o*<*-» 
terms  of  brightness)  to  even  those  of  Sulfamate 
baths,  albeit  at  lower  current  efficiencies.  Prelimi¬ 
nary  work  with  SnRO^  in  the  40:10:3  bath  indicates 
bright  deposits  hut  theic  is  a  tendency  towa  d 
dendrites  near  the  substrate  corners  and  us.:  of  tin 
anodes  rapidly  changes  rhe  deposits  to  a  powdery 
form,  pres^jpably  due  to  different  tin  ion  lorns, 
perhaps  Sn  .  Other  metals  are  under  investigation 
with  encouraging  results. 

Thus,  this  bath  type  is  useful  for  fabrication 
of  uni f orm/homogeneous  semiconductor  films  via 
sequential  plating  of  the  pure  elements  followed  by 
annealing.  It  should  also  prove  useful  for 
conventional  electroplating  of  uniform/bright  meta] 
alloys  and  conventional  unde rpotent i a  1  deposition  of 
semiconductor  compounds  (Ref.  5-Part  I).  The  bath  is 
especially  attractive  for  deposit  ion  of  mixed 
sul f idc/tel lurid?  (e.g.  CdR^  ^Te^)  from  baths 

of  Te02  and  molecular  sulfur. 
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Among  the  metal  chalcogenides,  the  II- VI 
compounds  (e.g.,  CdTe)  and  layered  materials  (e.g.. 
M0S2)  have  received  the  most  attention  from  a 
photoelectrochemical  (PEC)  perspective.  In  the  search 
for  new  semiconductor  candidates,  both  for  energy 
conversion  and  for  other  (e.g.,  photoelectrosynthesis) 
applications,  we  describe  in  this  paper  the 
characterization  of  a  relatively  new  compound 
semiconductor,  namely  SnS.  This  compound  is  a 
member  of  the  IV- VI  family  (1),  which  has  been  less 
extensively  examined. 

Compound  semiconductors  have  been 
electrodeposited  either  by  an  anodic  technique,  involving 
the  (reactive)  metal  anode  and  chalcogenide  anions,  or  by 
the  cathodic  co-reduction  of  the  metal  ions  and  the 
oxidized  chalcogenide  species.  A  variant  of  the  latter 
method  involves  the  use  of  molecular  chalcogen  in  an 
organic  bath.  This  discharges  then  only  by  chemical 
reaction/precipitation  with  the  plated  metal.  The  SnS  thin 
films  in  this  work  were  prepared  at  Arkansas  State 
University  by  this  new  technique  (2).  The  advantage 
with  this  method  is  better  stoichiometric  control  in  that 
excess  metal  may  be  dissolved  away  by  appropriate 
control  of  the  cathode  potential. 

Photoelectrochemical  measurements  are 
described  using  chopped-light  band-gap  illumination  of 
the  SnS  thin- film  electrodes,  which  were  supported  on 
transparent  indium  tin  oxide.  The  shape  of  the 
photocurrent  spikes  is  discussed  within  the  context  of  the 
p-type  conductivity  of  the  SnS  thin  films.  Experiments 
with  several  redox  couples  including  Fc(CN)$5\  S2O82', 
Eu3+  and  Cu2+  are  described.  Using  these  data,  the 
surface  energy  levels  of  SnS  are  mapped.  Photoaction 
spectra  are  presented  and  the  derived  information 
compared  with  optical  measurements. 

Pourbaix  diagrams  have  been  developed  for  the 
SnS-H20  system  at  25°C.  Using  these  and  the  PEC 
data,  the  photocorrosion  behavior  of  SnS  is  discussed. 
The  presence  of  significant  levels  of  O  in  the  SnS  as 
detected  by  surface  analyses  is  attributed  to  incipient 
corrosion  of  the  thin  film.  Auger  and  X-ray 
photoelectron  spectra  are  presented  for  the  SnS  thin 
films,  as  well  as  semi-quantitative  estimates  of  the  Sn:S 
ratio  in  the  as-deposited  thin  films,  as  probed  by  surface 
analyses. 


with  surface  analyses,  and  LTV'  for  access  to  surface 
analysis  instrumentation. 
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Electrodeposition  of  Semiconductors:  A  Panel/Audience 
Participation-Based  Session  to  Survey  and  Define  the 
State-of-the-Effort  and  Future  of  Electrodeposition 
of  Compounds  and/or  Semiconductors. 


R.D.  Engelken 
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State  University  (Jonesboro),  AR  72467 
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This  hour-long  session  will  be  moderated  bv  the 
organizing  and  session  chairman  of  the  symposium 
"Electrodeposition  of  Semiconductors"  and  involve 
active  audience  participation  in  a  "rap/brain- 
stonaing"  session  to  survey  and  define  the  s*-ate-of- 
thc-effort,  key  probleros/opportunities ,  and  future  of 
electrodeposition  as  a  means  to  produce  compounds 
and/or  semiconductors.  Another  objective  of  the 
session  is  the  acquaintance  of  experts  in  this  broad, 
interdisciplinary  field  to  increase  future  cooper¬ 
ation/collaboration  in  compound  electrodeposition  and 
related  fields. 

The  topics  discussed  will  include,  but  not 
necessarily  be  limited  to,  those  outlined  in  the  Call 
for  Papers:  1.  Techniques  for  in  situ  characteriza¬ 
tion  and  control  of  deposition  kinetics  and  the 
deposit  (stoichiomet ry ,  morphology,  carrier  type, 
etc.):  2.  Theoret ical  analysis ,  modeling  and  simul¬ 
ation  of  compound  electrodeposition  processes:  3. 
Parameter  modulated  processes  including  voltage  and 
current  pulsing  and  illumination,  temperature,  mass 
transport,  and  magnetic  field  vaiiations:  4  Novel  or 
hybrid  techniques,  such  as  sequential  element  deposi¬ 
tion/annealing  or  anodic  deposition,  especially 
"forgiving"  or  feedback-based  techniques:  *>.  Novel 
electrolytes,  such  as  organics  and  fused  salts,  and 
practical  advantages:  6.  Crystallization  kinetics  and 
methods  to  improve  crystallization,  morphology,  and 
adhesion:  7.  Pre-and  pos t -t reatroent  of  substrate  and 
deposits:  8.  New  materials,  especially  III-V,  ter¬ 
nary,  and  phosphide  compounds,  and  new  applications 
such  as  optical  filters,  superconductors,  electro- 
chromic  devices,  corrosion  inhibitors,  catalysts, 
lubricants,  and  battery  materials:  9.  Doping  of 
electrodeposi ted  semiconductors:  10.  Economic, 
safety,  and  commercialization  cons iderat ions . 
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PREPARATION  OF  InX  (X-P,  As,  Sb)  THIN  FILMS 

BY  ELECTROCHEMICAL  METHODS 

J.  Ortega  and  J.  Herrero 
Instituto  Energies  Renovables.  CIEMAT 
Avda.  Complutense,  28040  MADRID,  SPAIN 

At  present  time  it  becomes  desirable  to 
apply  to  III-V  compounds  some  of  the 
electrochemical  preparation  and 

characterization  techniques,  which  have 
proven  useful  for  II-VI  semiconductor 
compounds  (1,2).  While  the 

photoelectrochemical  techniques  has  been 
used  for  characterization  of  the  III-V 
semiconductor  compounds,  their 

electrochemical  preparation  has  not  been 
very  well  investigated.  Gap,  InP  and  GaAs 
have  been  elect rodepos i ted  from  fused  salts 
(3). 

In-Sb  alloys  haven  been  elect rodeposi ted 
from  a  variety  of  electrolytes  (4),  but  the 
electrodeposition  of  In-As  compounds 
heretofore  have  not  been  carried  out 
satisfactorily . 

We  have  elect rodeposi ted  thin  films  of  InSb 
onto  titanium  substrate  by  potentiostat ic 
technique  from  a  citric  bath.  The  films 
were  very  adherent  and  polycrystalline, 
face-centered  cubic  InSb. 

Nevertheless,  the  InAs  electrodepo6l ted 
from  a  citric  bath,  by  potent iostatic 
technique  was  amorphous  and  showed 
photoelectrochemical  activity  during  the 
electrodeposition  process.  The  amorphous 
InAs  films  annealed  at  4008C  for  30  min. 
passed  to  crystalline  form,  face-centered 
cubic  InAs. 


InP  thin  films  can  be  prepared  by 
phosphorlzation  of  electoplated  indium 
films.  Indium  thin  films,  1-5  pm,  were 
obtained  galvanosta tiquement  from  a  citric 
bath  onto  titanium  subtrate. 


The  titanium  electrode  with  its  indium  film 
was  put  in  a  test  tube  which  contained 
50-100mg  of  red  phosphorus.  The  tube  was 
sealed  under  moderate  vacuum  with  Bunsen 
flame.  The  sealed  tube  was  annealed  at 
400°C  for  3h  in  order  to  obtain  InP.  The 
film  obtained  was  polycrystalline  InP  face 
centered  cubic,  and  the  dif f ractogram 
showed  very  sharp  lines,  indicating  a  good 
crystallinity. 

Routine  characterization  of  the  InP 
obtained,  I-V  curves,  carried  out  in  a  PEC, 
0.5m  HCL,  has  served  for  determing  that  the 
conductivity  of  the  samples  was  n-type  and 
the  onset  of  the  anodic  photocurrent  occurs 
about  -0.5  V  vs.  SCE. 

Mott-Shottky  measurements  were  carried  out 
in  0.5  M  HC1  solution  under  potentiostatic 
conditions  in  order  to  determine  the 
flatband  potential,  energy  of  the  Fermi 
level.  The  Mott-Shottky  plots  showed  a 
linear  behaviour  in  the  frecuency  range  of 
0.5-5  KHz  and  the  flat  band  potential 
obtained  was  -0.42  +  0.09  V  vs.  SCE. 

The  photoelectrochemical  spectra  response 
of  the  InP  samples  gave  a  value  of  1.29  eV 
for  the  bandgap  and  showed  to  be  a  direct 
->ne . 

The  determination  of  the  samples 
stoichiometry  was  performed  by  dissolution 
in  concentrated  HNO^  and  susequent  atomic 
absorption  analysis. 

The  possibility  of  a  suitable  doping  during 
the  In  electrodeposition  step  and  the 
simplicity  of  the  phosphori zation  process 
make  interesant  this  preparation  of  InP. 
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Indium  antimonide  belongs  to  the  class  of  III— V 
compound  semiconductors  which  are  technologically  significant. 
InSb  is  traditionally  obtained  by  vapor-phase  deposition  or  by 
growth  from  a  liquid  phase.  This  paper  presents  the 
development  of  a  new  process  for  direct  electrodeposition  of 
semiconducting.  InSb  from  an  aqueous  solution.  Potential 
advantages  of  this  process  include  lower  initial  capital  and 
operating  costs,  and  possibly  better  control  of  the 
semiconductor  composition. 

EXPERIMENTAL  PROCEDURE 

Electrodepositon  was  mainly  performed  under 
poteniiostatic  control  in  a  beaker  using  magnetic  stirrer.  To 
quantitatively  characterize  mass  transfer  effects,  rotating  disk 
electrode  (RDE)  experiments  were  also  performed.  Pc  p/ace  was 
used  as  the  counter  elect  rode.  Copper  was  used  as  the  substrate 
for  plating. 

The  electrolyte  is  made  of  InC^SbCU, citric  acid 
(H3C6H50;)and  sodium  citrate  (NaaCeHjO:).  The  relative 
concentration  of  the  components  was  varied  to  investigate  the 
effects  of  pH  and  composition  of  In  and  Sb  ions,  but  the  sum  of 
JnCh  and  SbC^  concentration,  and  citric  acid  and  sodium 
citrate  concentration  was  always  set  at  0.344  mol/L  and  1.427 
mol/L.  respectively. 

The  composition  of  deposits  was  analysed  using  energy 
dispersion  spectroscopic  techniques. 

RESULTS 

A.  Effects  of  the  deposition  parameters  on  the  deposit 
composition 

Fig.  I  shows  the  relationship  between  the  potential  and  the 
depo.  il  composition  plated  from  solutions  in  which  the  ratio  of 
In/Sb  and  pH  w°re  varied. 

Fig. 2  and  3  were  obtained  using  RDE  in  a  solution  where 
In/Sb  ratio  was  1/1  and  the  pH  was  2.2.  The  effects  of  mass 
transfer  on  the  cathodic  current  and  the  composition  of  the 
deposits  arc  noted.  Following  is  a  brief  discussion  of  the  effect  of 
various  parameters. 

(1)  Effects  of  potential 

The  deposit  composition  was  not  affected  much  by  the 
potential  in  the  region  more  negative  than  -0.8V 
(vs.Ag/AgCl), although  the  catnodic  current  increased  with 
increasing  negative  polarization.  Hydrogen  evolution  took  place 
at  -1.0  -  -1.2  V(vs.  Ag/AgCl),but  the  current  efficiency  of 
deposition  of  In  and  Sb  was  still  high;  85%  at 
-1.2V(vs.Ag/  \gCl)  in  the  solution  of  In/Sb— I / 1  and  pH  2.1. 

( 2 )  Effects  of  pH 

pH  changes  were  effective  in  controlling  the  composition 
of  the  deposits.  The  higher  the  pH  was.  within  the:  pH  range  of 
2-5, the  smaller  the  amount  of  In  the  deposit  contained. 


(3)  Effects  of  solution  composition 

The  composition  of  the  solution  also  affected  the 
composition  of  the  deposits.  The  higher  the  In  content  of  the 
solution,  the  more  In  the  deposit  contained. 

(4)  Effects  of  agitation 

Mass  transfer  effects  were  minor.  Increasing  the  rotation 
rate  increased  the  cathodic  current  density  and  decreased  the 
content  of  In  in  the  deposits,  but  the  extent  of  the  change  was 
small,  except  for  no  agitation  at  all. 

B.  Morphology  of  the  deposits 

The  deposits  containing  less  than  55-60%  of  In  had 
smooth  shinny  and  silver  appearance,  but  they  became  brittle  as 
their  thickness  increased,  especially  in  cases  where  the  In 
content  was  close  to  50%. The  deposits  containing  more  than 
55-60%  of  In, however. had  black  rough  and  mat  appearance. 

(^Characterization  of  In/Sb  deposits  with  1:1  composition  ratio 

(1)  Preparation  of  In/Sb=l/l  deposit; 

An  Indium  antimonide  deposit  with  1:1  atomic  ratio  could 
be  obtained  by  controlling  the  solution  composition  at  an 
almost  constant  pH  value  of  2.N  2.2. 

Typical  conditions  are  as  follows: 

I ii / S b  =  0.54/0.46  (mol. ratio)  in  the  electrolyte 

citric  acid  +  sodium  citrate  =  1.427  mol/L 

pH  s  2.2 

ambient  temperature  *  25°C 
-0.8  V(vs.Ag/AgCl) 

Magnetic  stirrer  agitation 

The  current  density  was  25  mA/em*  and  the  current 
efficiency  for  deposition  was  97%. 

(2)  Structure  of  the  deposit 

X-ray  diffraction  of  the  deposit  as  plated  on  stainless  steel 
substrate  under  the  condition  described  above  indicated  that 
the  deposit  was  amorphous.  After  annealing  at  350°C,lh  in  N2 
atmosphere,  a  crystalline  film  was  obtained  indicating  peaks 
corresponding  to  InSb  on  the  diffraction  pattern. 

(3) Thermai  dependence  of  electrical  resistivity 

The  resistivity  of  the  elect  rod  epos  i  ted  InSb  film  (5/im 
thick)was  measured  at  various  temperatures  after  removal  ot 
the  Cu  substrate.  Fig.4  indicates  that  the  film  resistivity 
decreases  with  increase  of  temperature  indicating  semiconductor 
behavior.  The  resistivity  values  measured  were  somewhat  larger 
than  specific  values  of  InSb. 

probably  because  the  film  had  some  cracks  duv.  to  brittleness. 


In  content  in  deposit  <at%!  In  Content  in  deposit  (at.%) 
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INTRODUCTION 

The  electrochemical  formation  of  mlcroporous, 
hydrous  oxide  films  at  metals  such  as  Ir,  Rh  and  Co 
has  been  studied  In  some  detail  by  a  number  of  previ¬ 
ous  workers  (1-3).  These  oxides  possess  electro- 
chromic  properties  and  also  appear  to  have  applica¬ 
tions  as  battery  electrodes  and  In  electrocatalysis. 
The  oxidation/reduction  of  these  oxides  occurs  by  a 
change  In  the  oxidation  state  of  the  metal  sites  with¬ 
in  the  oxide  film.  Charge  transfer  1$  believed  to 
occur  by  a  metal  slte-to-slte  electron  hopping 
mechanism,  with  charge  neutrality  being  maintained 
within  the  oxide  film  by  the  Injection/expulsion  of 
appropriate  counter  Ions.  These  processes  are 
relatively  rapid,  and  hence  hydrous  oxide  electro¬ 
chemistry  Is  generally  klnetlcally  reversible. 

We  have  previously  reported  that  a  hydrous  oxide 
film  can  be  formed  at  amorphous  Ni-Co  alloy  electrodes 
(4).  The  electrochemical  behavior  of  these  alloy 
electrodes  displays  characteristics  which  are  a  mix¬ 
ture  of  those  observed  at  crystalline  N1  and  Co 
electrodes.  In  this  paper,  the  mechanism  of  hydrous 
oxide  deposition  and  build-up  is  discussed.  Also,  the 
electrochemical  properties  of  these  oxide  films  will 
be  shown  to  be  very  similar  to  those  of  redox  polymer 
electrodes,  l.e.  Involving  the  swelling  and  de-swell- 
fng  of  the  oxide  film  as  ions  and  associated  solvent 
are  Injected  Into,  and  expelled  from  the  oxide  film, 
respectively,  during  Its  oxidation  and  reduction. 


EXPERIMENTAL 

Cyclic  voltammetry  and  chronoamperometry  were 
carried  out  using  a  glassy  alloy  ribbon,  having  the 
composition  of  N1 51Co23Cr10Mo7Fes> 5B3 >b,  as  the  work¬ 
ing  electrode.  The  reference  electrode  was  either  a 
reversible  hydrogen  electrode  (RHE)  or  the  SCE.  Most 
experiments  were  carried  out  In  1  M  NaOH,  and 
solutions  were  deaerated  with  argon  before  and  during 
the  course  of  the  experiments.  All  experiments  were 
conducted  at  room  tenperature. 


RESULTS 

Hydrous  oxide  films  can  be  deposited  at  N1 -based 
glassy  alloy  electrodes  by  either  potential  cycling  or 
pulsing  between  particular  limits  of  potential.  The 
rate  of  growth  of  the  oxide  Increases  as  these  limits 
are  extended,  and  a  maximum  amount  of  oxide, 
equivalent  to  ca.  0.12  ±  0.02  nC/cm2,  can  be  deposited 
per  cycle  of  potential. 

Analogous  to  the  case  of  the  grtxvth  of  Ir  oxide 
films  at  crystalline  Ir  electrodes  (1),  this  result 
Indicates  that  a  maximum  of  one  complete  monolayer  of 
hydrous  oxide  film  can  be  deposited  per  cycle  of 
potential.  The  fact  that  the  maximum  growth  rate  per 
cycle  Is  one  monolayer,  and  that  critical  potential 
limits  must  be  reached  for  this  growth  to  occur,  is  an 
Important  clue  to  the  mechanism  of  hydrous  oxide 
growth.  It  Is  considered  that  a  critical  positive 
potential  limit  Is  required  In  order  to  oxidize  the 
surface  {one  monolayer)  of  the  underlying  metal 
surface  to  a  sufficiently  high  oxidation  state.  A 
critical  lower  potential  limit  is  required  In  order  to 


release  this  monolayer  of  oxide  from  the  metal  surface 
to  the  growing  hydrous  oxide  film. 

As  the  hydrous  oxide  film  thickness  Increases  at 
these  amorphous  alloy  electrodes,  a  significant 
hysteresis  develops  between  the  anodic  peak  (or 
current  transient)  and  the  cathodic  peak  (or  i/t 
response).  In  the  cyclic  vol tammogram,  the  anodic 
peak  becomes  very  sharp  and  narrow,  while  the  cathodic 
peak  remains  broad.  In  the  chronoamperometrlc 
response,  the  anodic  transient  frequently  displays  a 
peak,  while  the  cathodic  1/t  response  Is  typical  of  a 
diffusion  controlled  reaction.  These  effects  are 
Influenced  dramatically  by  the  potentials  utilized, 
and  the  time  spent  at  these  potentials.  These 
observations  have  been  Interpreted  in  terms  of  the 
Injection  of  Ions  (and  solvent)  during  the  oxidation 
step,  and  hence  film  swelling,  and  de-swelling  of  the 
oxide  during  oxide  reduction.  These  results  are  very 
similar  to  those  observed  at  particular  redox  polymer 
covered  electrodes  (5,6). 

Another  unique  aspect  of  the  electrochemical 
behavior  of  these  hydrous  oxides  Is  that  the  cathodic 
charge  passed  during  chronocoulometrlc  measurements  Is 
significantly  less  than  the  oxidation  charge.  These 
results  will  be  discussed  In  terms  of 
disproportionation  reactions  occurring  within  the 
oxide  during  film  reduction,  brought  about  by 
differences  In  pH  In  various  regions  of  the  oxide. 
These  non-steady-state  effects  support  the  notion  that 
these  hydrous  oxides  are  flexible  and  gel-like  in 
nature  and  could  be  described  as  Inorganic  polymeric 
materials. 
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1  2a 

Recent  works  *  have  indicated  that  large- 
grain  metal  chalcogenide  films  can  be  produced  by 
sequential  electrodeposition  of  some  or  all  of  the 
elements  of  the  compound  followed  by  annealing, 
often  in  an  atmosphere  of  H2X.  In  the  case  of  Se 
and  Te,  the  "nonmetal"  can  itself  be  plated  along 
with  the  metal (s)  and  subsequent  annealing 
homogenizes/reacts  the  elements  to  form  the 
compounds.  Our  previous  workiD  demonstrated  the 
utility  of  (1)  In-situ  electrochemical  formation  of 
the  H2X  from  a  novel  mixed  organic/H20  electrolyte 
and  (Z)  High  speed  resistive  flash  annealing  of  high 
m.p.,  relativity  inert,  and  thin  ( <0 . 1  mm)  substrate 
"ribbons"  such  as  Mo,  Ta,  and  graphite. 

We  now  report  investigation  of  a  deceptively 
"simple'Vobvious  variation  of  the  sequential 
electroplating/chalcogenization/annealing  method  to 
form  semiconductor  compounds. 

The  method  involves  the  following  steps. 

(1)  The  metal (s)  (cations)  of  the  desired  compound 
are  sequentially  electroplated  onto  ribbon 
(e.g.  I  cm  x  6  cm)  in  precision  thicknesses 
controlled  via  1-t  product  and  chronogalvano- 
static/potentiostatic  determination  of  current 
efficiency.  For  example,  a  stoichiometry- 
matched  Cu/In/Cu  structure  can  be  sequentially 
plated  from  novel  mixed  solvent  baths 
described  in  another  paper-3  of  this  symposium. 

(2)  The  entire  ribbon  is  mounted/connected  to 
heavy  binding  posts  bu<  droops  between  the 
posts  in  a  "U"  configc  tion. 

(3)  Fine-meshed  sulfur  pow^r  is  poured  over  and 
around  the  “valley"  of  the  "U"  (i.e.  the  lower 
center  of  the  ribbon)  and  agitated  to  remove 
voids. 

(4)  After  covering  the  foil  with  sulfur,  the 
annealing  vessel  is  tigh-.ly  closed  and  purged 
with  argon  for  several  minutes  to  completely 
displace  02  from  the  sulfur  powder. 

(5)  The  argon  Ts  shut-off  and  large  currents 
(e.g.  10-35  A)  are  applied  to  the  ribbon  and 
rapidly  (seconds  to  minutes  depending  on 
/I/and  /dl/dt/)  heat  it  to  100's  of  °C. 

(6)  The  sulfur  adjacent  to  the  submerged  foil 
rapidly  melts  and  vaporizes.  The  molten  and 
vaporized  sulfur  reacts  quickly  with  the  hot 
plated  layers  to  form  the  compound  with  a 
stoichiometry  depending  upon  (1)  The  relative 
metal  molar  ratio  (in  the  case  of  ternary  or 
higher-order  compounds),  (2)  The  existent 
phases  possible,  and  (3)  The  rate  and  extent 
of  metal -S  reaction  through  the  temperature, 
total  plated  layer  thickness,  cell  volume,  S 
depth,  etc.  In  almost  all  cases,  thin  films 
(<  1  micron)  are  completely  chalcogenized 
within  minutes.  Copper,  with  its  huge  reaction 
rate  with  sulfur,  forms  gray  Cu2_xS  within 
seconds. 

(7)  The  closed  cell  prevents  S  vapor  from  leaving, 
so  even  though  solid  and  molten  sulfur 
"migrate"  radially  away  from  the  substrate, 
this  void  is  filled  with  S  vapor.  If  the  cell 
is  not  sealed,  especially  with  a  continuing 
argon  purge,  $  vapor  leaves  the  void  growing 
around  the  ribbon,  leaving  it  surrounded  by 


an  argon  atmosphere  and  halting  chalcogen- 
ization.  Another  key  factor  is  the  thermal 
insulation  provided  by  the  sulfur  powder  and 
subsequent  resolidified  cylindrical  sulfur 
"doughnut"  around  the  foil.  This  allows, 
with  the  same  current  values,  higher 
temperatures  to  be  obtained. 

(8)  To  prevent  elemental  sulfur  condensation  on 
the  foil  as  it  is  cooled,  the  cell  is  finally 
repurged  with  argon  to  displace  all  sulfur 
vapor  from  the  growing  void.  Since  m.p.| 
110°C  and  b.p.j.  s  445°C,  the  only  way  the 
sulfur  can  discharge  on  the  film  at  high 
temperature  is  through  reaction  with  the 
plated  metals.  Thus,  S-richness  is 
precluded. 

(9)  In  nearly  all  cases,  notably  with  Cu/In, 
large-grain  polycrystalline  compound  films 
(CuInS2)  are  produced.  Some  problems  with 
multiple  phases  (e.g.  Cu^S,  CuS,  InS,  InpS, 
InpS^)  might  be  anticipated  but  careful  c 
control  of  all  experimental  conditions 
precludes  this. 

(10)  The  remaining  sulfur  (most  still  in  powder 

form)  can  be  recrushed  with  mortar  and  pestle 
and  used  again.  Thus,  in  addition  to  being 
convenient  and  fast,  the  technique  is 
material -conserving.  Also  the  much  lower 
toxicity  of  S  vapor  over  HpS  and  easy  scale- 
up  to  large  lengths  and  areas  make  the  method 
attractive. 

Although,  at  the  time  of  this  writing,  we  have 
not  conducted  the  analogous  experiment  with 
selenium,  its  low  m.p.  (2I7°C)  and  b.p.  (685°C) 
indicate  that  the  method  should  work  equally  well, 
although  there  is  much  more  hazard  associated  with 
selenium  powder  than  with  sulfur.  Thus,  this 
"obvious"  method  should  have  practical  utility  for 
economically  and  conveniently  forming  polycrystal - 
ine  metal  chalcogenide  films,  as  it  presently  has 
for  doping  preexistent  semiconductor  films  with 
Group  VI  elements. 
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Recent  years  have  seen  a  literal  explo¬ 
sion  of  interest  in  the  area  of 
conducting  polymers  (1,2)  and  increasing 
interest  has  been  paid  to  those  derived 
from  heterocyclic  monomers  ( 1,3-5). 
Although  most  of  the  studies  have  been 
devoted  to  polypyrroles,  extensive  work 
on  polythiophenes  (6)  has  also  been 
described.  The  potential  applications 
for  most  of  these  new  polymers  in  the 
field  of  conductors,  organic  batteries 
(7»S)  and  display  devices  (5)  are, 
however  greatly  impeded  by  their  high 
reactivity  towards  oxygen  and  moisture 
which  requires  constraining  experimental 
conditions  such  as  argon  controlled 
atmosphere  and  a  highly  purified  medium. 
The  development  of  a  stable  polymer  which 
could  be  reversibly  doped  and  undoped 
under  very  rough  conditions  would  repre¬ 
sent  a  very  attractive  goal,  given  the 
large  area  of  applications. 

Our  aim  was  to  synthesize  a  novel  polymer 
which  would  have  as  its  backbone  an 
electron  conducting  conjugated  carbon 
chain,  as  in  polyace tylene  or  polypyrrole, 
but  the  pendant  moieties  would  have  the 
polar  characteristics  required  for  ion 
solvation  and  conduction.  The  polar 
groups  would  also  increase  the  solubility 
of  the  polymer  in  polar  organic  solvents, 
thus  giving  the  polymer  an  important 
processability  advantage  over  mpst  poly- 
con  jugatee  yet  reported. 

The  present  report  describes  the  poly¬ 
merization  of  a  3-substituted  thiophene 
derivative,  »  where  R  contains 

suitably  disposed  wther  oxygens  which 
could  provide  solvation  for  the  cation. 

The  original  thiophene  monomer  was 
prepared  as  shown  in  the  following 
reaction  scheme  : 

H3C  O.CH2  CH2,0.CH2  CH2.0.CH2  ch2  OH 
pyridine  ^  S0C12 

H3C  0  ch2  ch2  0  ch2  ch2  0  ch2  ch2  0C1 
£H2CH20H 

(Tfi  +  H3C  o.ch2ch2  •o*ch2ch2.o*ch2ch2oci 

THF  |  NaH 


<^H2CH2' 


0 • ch2 ch  2 • 0 • ch2 ch2 *  0 • ch2ch2och^ 


Compound  ^  was  obtained  under  nitrogen 
atmosphere  in  refluxing  condition.  All 
monomers  gave  satisfactory  analytical 
and  spectroscopic  data.  Polymerization 


was  carried  out  at  10°C  under  nitrogen 
atmosphere  in  a  three-electrode  two- 
compartment  cell  using  a  platinum  anode. 
Details  of  electrochemical  polymerization 
of  the  monomer  ^  are  given  in  the  follow¬ 
ing  table.  All  electrolyte  (tetraethyl- 
ammoniumtetrafluoroborate )  and  solvents 
were  dried  and  distilled  prior  to  electro¬ 
lysis.  The  optimum  current  density  for 
electropolyme-izat ion  was  2.8  mA  cm'2. 

Dc  conductivity  measurement  of  the 
oxidized  polymer  was  obtained  on  a  free¬ 
standing  film  that  had  been  peeled  off 
the  anode  using  a  four-probe  technique. 
High  conductivity  (10~3  S  cm-1 )  was 
obtained  reproducibly  for  the  present 
polymer.  The  polymer  was  found  to  be 
insoluble  in  common  organic  solvents  and 
stable  up  to  160°C. 


Solvent  Concn* of 
monomer 
(molar) 


Concn. of  Conductivi- 

electrolyte  ty 

(molar)  (S  cm”' ) 


PhN02  0 . 1 
CH2C12  0.1 
CH3CN  0.1 


3  X  10"2 
3  X  10"2 
3  X  10*2 


6  X  10"5 
8  X  10-J 
4.5  X  10"3 
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Introduction 

The  application  of  conducting  polymers  to 
electrochemical  devices  has  been  sought  in 
many  research  field  since  the  electrochemical 
doping  and  undoping  of  polyacetylene  was 
discovered  in  1978.  One  of  the  promising 
application  seems  to  be  as  a  battery 
electrode.  We  have  carried  out  our  research 
on  conducting  polymers  with  the  intention  of 
clarifying  the  possibility  of  using  the 

material  as  the  positive  electrode  in  a 
lithium  secondary  battery  and  found  that 
polyaniline  has  superior  performance  compared 
with  other  conducting  polymers,  such  as 
polyacetylene,  polythiophene  or 

polypyrrole  [1]  .  In  brief,  polyaniline  shows  a 
higher  stability  in  deep  charge  /  discharge 
repetitions  and  less  self-discharge  than  other 
polymers  in  nonagueous  electrolytes . 

On  the  other  hand,  it  is  well  known  that 
conducting  polymers  generally  show 
electrochromic  properties.  As  for 

polyaniline,  electrochromism  in  an  acidic 

aqueous  electrolyte  was  first  reported  by  Diaz 
and  Logan  [2]  .  Kobayashi  et  al.  later 
reported  |3]  the  detailed  electrochromic 

properties  of  polyaniline  in  aqueous 
electrolyte  and  identified  the  color  changes 
as  transparent  yellow  green  dark  blue 
black.  However,  the  electrochromism  of 
polyaniline  in  nonaqueous  electrolytes  has  not 
been  revealed  yet. 

We  found  that  a  thin  film  of  polyaniline 
formed  on  ITO  glass  also  shows  a  stable 
electrochromic  reaction  in  the  nonaqueous 
electrolyte  of  LiCIO*  /  propylene 

carbonate  (PC)  or  LiBF*  /  PC  system  as  in 
aqueous  electrolyte.  The  result  has  led  to 
the  development  of  a  duplicated  new 
electrochromic  device  consisting  of 
polyaniline  /  W03 ,  which  is  summarized  in  this 
abstract . 

Cell  construction 

A  6000  A  thickness  polyaniline  film  was 
electropolymerized  onto  ITO  glass  from  an 
aqueous  solution  of  0.2M  HCIO*  containing  0.1M 
aniline  monomer.  A  WOs  film  was  formed  on  the 
ITO  glass  by  an  ordinary  sputtering  method. 
The  two  electrodes  with  the  glass  were 
assembled  as  shown  in  Fig.1.  1M  LiCIO*  /  PC 
solution  was  used  as  the  electrolyte. 

Results 

Visible  spectrum  :  The  color  of 


polyaniline  reversibly  changes  from 
transparent  light  yellow  in  the  reduced  state 
to  blue  in  the  oxidized  state.  On  the  other 
hand,  W03  changes  its  color  reversibly  from 
transparency  in  the  oxidized  state  to  light 
blue  in  the  reduced  state.  Hence,  the 
combined  color  change  in  total  is  transparent 
light  yellow  to  dark  blue,  which  is  observed 
in  a  visible  spectrum  as  shown  in  Fig. 2. 

Optical  density  :  The  change  in  optical 
density  (  A  OD  )  accompanied  by  the  color 
change  is  defined  as  -log  I/I0  *  where  I0  is 
the  transmissivity  in  the  bleached  state  and  I 
is  that  in  the  colorized  state.  OD  changes 
linearly  with  the  injected  charge  as  shown  in 
Fig.  3.  The  coefficient  of  the  slope,  the 
colorizing  efficiency,  is  0.06  cm*/mC  in  the 
duplicated  cell,  which  is  nearly  twice  the 
value  obtained  at  each  independent  electrode. 

Response  :  When  1.5  V  is  applied  to  the 
5X5  cm*  cell  in  the  bleached  state,  the 
transmissivity  changes  from  80  %  to  30  % 

(  A  OD  =  0.4  )  in  a  second  and  from  80  %  to  4 
%  (  A  OD  =  1 . 3  )  in  1  minute  as  shown  in 
Fig. 4. 

Cycle  life  :  Repetitive  bleaching  and 
colorizing  were  carried  out  by  applying  1.5  V 
and  -1.5  V  to  the  cell  and  alternatively 
holding  the  cell  at  each  potential  for  1 
second.  The  change  in  A  OD  during  the  test 
was  compared  with  the  initial  value,  A  OD  = 
0.4.  The  cyclability  of  the  cell  reached 
nearly  108  times  as  shown  in  Fig.  5.  If  an 
aqueous  HC10*  solution  was  used  as  the 
electrolyte  instead  of  LiC104  /  PC,  the  cycle 
life  decreased  to  103  times,  because 
dissolution  of  ITO  film  and  deterioration  of 
the  polyaniline  film  occurred  in  the  acidic 
electrolyte. 

Memory  characteristic  :  The  bleached  (  80 
%  transmissivity  )  and  colorized  (  30  % 
transmissivity  )  cells  were  left  at  room 
temperature  for  two  days  and  the  variation  in 
transmissivity  was  measured.  Both 

transmissivities  scarcely  changed  during  that 
period  as  can  be  seen  in  Fig.  6. 

These  results  may  suggest  practical 
applications  of  the  polyaniline  /  WO* 
electrochromic  device  for  non-glare  mirrors  or 
light  controlling  glasses. 


References 

(1)  F.  Goto,  K.  Abe,  K.  Okabayashi,  T.  Yoshida 
and  H.  Morimoto,  J.  Power  Sources  20, 

243  (1987) 

(2)  A.  F.  Diaz  and  J.  A.  Logan, 

J.  Electroanal.  Chem.,  Ill,  111(1980) 

(3)  T.  Kobayashi,  H.  Yoneyama  and  H.  Tamura, 

J.  Electroanal.  Chem.,  161,  419(1984) 


352 


P  A  n  /  WO) 

=  0.  0  7  c  irf /  ■  c / 


*  // 

WO 


Abstract  No.  381 
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The  electro-optic  sampling  technique  has  been  used  to  great 
advantage  to  measure  electrical  signals  with  ultrashort  time  resolution 
[1]  and  to  non-invasively  measure  waveforms  internal  to  GaAs  [2]  or 
InP  integrated  circuits  (ICs).  To  maximize  temporal  resolution  and 
voltage  sensitivity,  it  is  necessary  to  use  an  optical  probe  beam  with 
pulse  durations  as  short  as  possible,  and  with  average  power  as  large  as 
possible,  respectively.  Accordingly,  using  large,  sophisticated  laser 
systems,  subpicosecond  temporal  resolution  ( 1  ]  and  voltage  sensitivity 
better  than  1  mV/v/Hz  [2]  have  been  achieved.  In  our  work,  we  have 
developed  a  compact  and  simple  electro-optic  sampling  system  that 
uses  pulsed  semiconductor  injection  lasers.  [3,4]  The  system  is  capable 
of  measurements  over  a  large  range  of  bandwidth  and  sensitivity,  and 
has  been  able  to  achieve  temporal  resolution  of  ~10  ps,  and  voltage 
sensitivity  of  2  mV/>/Hz  [3,4].  In  this  talk,  we  report  the  operation  of 
this  system  and  discuss  the  advantages  and  limitations  of  using 
injection  lasers  for  electro-optic  sampling.  We  also  compare  back -side 
and  front-side  sampling  geometries  for  probing  planar  ICs.  For 
illustration,  we  present  results  obtained  by  sampling  a  high-speed 
GaAs  decision  circuit,  that  is  mounted  in  its  production  package.  [5,6] 

A  schematic  of  the  basic  experimental  arrangement  is  shown  in 
Fig.  1.  Two  frequency  synthesizers,  phase-locked  to  a  common 
oscillator,  are  used:  one  drives  a  gain-switched  InGaAsP  laser,  the 
other  drives  the  IC  under  study.  Pulses  from  the  laser  (1.3  /*m 
wavelength,  18  -  20  ps  duration,  100  *iW  average  power)  arc  made 
circularly  polarized,  and  impinge  on  the  IC  at  the  position  of  the 
internal  node  to  be  interrogated.  The  voltage  present  at  the  node 
causes  a  small  change  in  the  polarization  state  of  the  probe  beam  by 
the  clectro-optic  efTect  in  the  substrate  of  the  IC,  which  is  converted 
to  an  amplitude  change  upon  detection  of  the  reflected  probe  beam 
after  passage  through  a  polarization  analyzer.  The  optimum  geometry 
for  probing  a  planar  IC  is  the  "back-side"  geometry,  in  which  the  probe 
beam  enters  the  IC  from  the  back  (inactive)  side.  [7]  This  geometry 
maximizes  voltage  sensitivity  and  spatial  resolution,  but  cannot  be 
used  with  a  packaged  IC,  in  which  the  back  surface  is  inaccessible. 
For  such  a  packaged  IC,  the  probe  beam  must  enter  from  the  front 
(active)  surface.  In  spite  of  reduced  sensitivity  and  spatial  resolution 
compared  to  the  back-side  probing  geometry,  front-side  probing  is 
effective  for  electro-optic  sampling  of  planar  ICs.  [5] 

Recent  elcctro-optic  sampling  experiments  performed  on  a 
packaged  GaAs  decision  circuit  (AT&T  494A)  [5,6]  illustrate  the 
utility  of  the  front-side  probing  geometry,  as  well  as  some  of  its 
disadvantages  compared  to  back-side  probing.  The  decision  circuit, 
which  amplifies  and  synchronizes  an  input  data  stream  at  ~2  GHz, 
consists  of  an  input  amplifier,  a  type  D  flip-flop,  and  output  buffers. 
Figure  2  shows  several  waveforms  from  the  circuit,  measured  by 
electro-optic  sampling.  The  circuit  is  driven  by  a  2  GHz  clock  signal 
(CK,  2(a))  and  1  GHz  sinusoidal  data  (DN,  2(b)).  After  the  input 
amplifier,  the  data  is  inverted  and  saturated  (D,  2(c)),  and  the  output 
of  the  circuii  is  a  square  wave  synchronized  to  the  clock  (Z,  2(d)). 

The  front-side  probing  geometry  is  susceptible  to  problems 
from  apparent  crosstalk,  since  the  probe  beam  must  be  positioned 
between  contact  lines  on  the  IC,  and  the  electro-optic  effect  in  the 
substrate  will  be  due  to  the  sum  of  fields  from  both  contact  lines.  This 
problem  is  illustrated  in  Fig,  3.  Figure  3(a)  shows  the  layout  of  two 
active  lines  (QB  and  CK)  and  two  inactive  lines  (GNO  and  VDD )  at  a 
particular  location  in  the  circuit,  and  also  shows  the  positions  of  the 
probe  beam  for  the  data  of  Fig.  3(bMe).  The  signals  measured 
between  QB  and  GND  (3(b))  and  CK  and  VDD  (3(c))  are  free  from 
apparent  crosstalk.  When  the  beam  is  between  the  active  lines  (3(d) 
and  (e)),  we  observed  superpositions  of  the  signals  from  the  two  active 
lines.  The  magnitude  of  the  apparent  crosstalk  can  be  explained 
quantitatively  by  considering  the  transverse  spatial  variation  of  the 
electric  fields  produced  by  the  time-varying  voltages  on  the  active 
lines.  This  can  be  wvn  from  the  data  in  Fig.  4.  For  this  data,  only  the 


CK  line  is  active.  Fig.  4(c)  shows  the  spatial  variation  of  the  detected 
fractional  intensity  modulation  of  the  probe  beam,  Af/I,  which  is 
proportional  to  the  electro-optic  signal.  The  large  magnitude  of  A/// 
on  both  sides  of  the  CK  line  is  due  to  the  field  produced  by  the 
voltage  signal  on  CK.  (There  is  no  signal  when  the  probe  beam  is 
positioned  on  the  CK  line  because,  in  the  front-side  probing  geometry, 
the  probe  beam  is  reflected  from  the  contact  and  does  not  enter  the 
electro-optic  substrate.)  Thus,  even  near  the  QB  line,  there  is  a  strong 
signal  from  the  CK  line,  as  seen,  and  this  is  the  origin  of  the  crosstalk 
in  Fig.  3(d).  The  signal  from  CK  does  not  extend  to  the  far  side  of 
QB,  however.  Thus,  for  accurate  results,  the  probe  beam  should  be 
positioned  between  an  active  and  an  inactive  line  (Figs.  3(b)  and  (c)). 
Factors  relating  to  determination  of  the  amplitude  of  the  signal 
measured  by  electro-optic  sampling  are  more  complex  [5]  and  will  be 
discussed. 

By  a  modification  of  the  experimental  arrangement  of  Fig.  1, 
which  consists  of  replacing  the  oscilloscope  which  follows  the  receiver 
with  an  electronic  spectrum  analyzer,  it  is  possible  to  directly  measure 
the  response  of  the  IC  in  the  frequency  domain.  [6]  The  amplitude 
transfer  function  thus  measured  for  a  single  FET  amplifier  irpu* 
stage  of  the  decision  circuit,  normalized  to  its  value  at  I  GHz,  is 
shown  in  Fig.  5.  The  3-dB  point  is  between  4  and  4.5  GHz. 

In  summary,  we  describe  a  compact  elcctro-optic  sampling 
system  based  on  semiconductor  injection  lasers,  and  discuss  its 
performance  and  limitations.  With  this  system,  waveforms  internal  to 
several  ICs  have  been  analyzed  non-invasively,  using  both  front-side 
and  back-side  probing  geometries.  The  system  has  also  been  used  to 
exploit  the  high-speed  potential  of  the  elcctro-optic  effect  to  measure 
the  67  GHz  bandwidth  of  high-speed  InGaAs  photodiodes.  [8] 
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Figure  I:  Experimental  schematic.  QWP  is  a  quarter-wave  plate. 
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Figure  3:  Crosstalk  when  the  probe  is  positioned  between  active 

lines. 


Figure  4:  (a)  Layout  of  circuit  tines,  (c)  Fractional  electro-optic 

modulation  vs  probe  beam  position. 


Figure  5:  Amplitude  transfer  function  of  a  FET  amplifier  within 

the  input  stage. 
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Accuracy  and  Invasiveness  of  Direct 
Electrooptic  Probing  of  GaAs 
Integrated  Circuits 

J.L.  Freeman,  D.M.  Bloom,  S  R.  Jefferies,  and  B.A.  Auld 
Edward  L.  Ginzton  Laboratory,  Stanford  University, 
Stanford,  CA  94305-4085 

Direct  electrooptic  probing  uses  a  mode-locked  1.06  /zm 
Nd:YAG  laser  with  1.25  ps  pulses  to  probe  internal  nodes  of 
GaAs  circuits  [1].  Its  timing  resolution  is  set  both  by  the  pulse 
duration,  whose  power  spectrum  currently  has  a  3  dB  band¬ 
width  of  over  200  GHz,  and  the  laser  timing  jitter,  which  is 
actively  stabilized  to  less  than  0.3  ps.  Fall-times  as  fast  as 
3.5  ps  have  been  measured  in  a  monolithic  nonlinear  transmis¬ 
sion  line  [2),  and  dispersion  properties  of  coplanar  waveguide 
(CPW)  transmission  lines  have  been  studied  up  to  100  GHz  [3]. 
The  continued  popularity  of  the  technique  in  probing  such  cir¬ 
cuits  depends  on  its  accuracy  in  characterizing  frontside  volt¬ 
ages  and  the  magnitude  of  its  invasiveness. 

Accuracy  errors  in  the  electrooptic  probe  divide  into  cali¬ 
bration  and  crosstalk.  If  a  measurement  of  a  signal  depends 
on  the  configuration  of  the  conductors,  a  calibration  error  ex¬ 
ists.  If  the  electrooptic  measurement  includes  signal  compo¬ 
nents  from  other  signal  lines,  and  those  components  do  not  ex - 
ist  on  the  line  being  probed ,  electrooptic  crosstalk  exists.  Both 
electrooptic  calibration  and  crosstalk  errors  arise  from  spot-size 
averaging  of  the  frontside  potential  and  from  nonzero  poten¬ 
tials  at  the  substrate  backside.  To  evaluate  these  errors,  we 
have  made  extensive  electrooptic  measurements  on  test  struc¬ 
tures  and  confirmed  these  results  with  numerical  simulations. 

Since  CPWs  have  only  one  main  signal  line,  no  crosstalk 
errors  exist.  If  the  wafer  backside  is  ungrounded,  though, 
significant  backside  potentials  occur,  leading  to  electrooptic 
calibration  errors.  The  backside  potential  appears  as  a  nega¬ 
tive  electrooptic  signal  beneath  the  ground  plane  and  a  nearly 
equal  reduction  in  the  center  conductor  signal.  Figure  1  plots 
measurements  of  this  backside  signal  for  50  ft  CPWs  of  vary¬ 
ing  center- conductor  width  on  20  mil  semi-insulating  GaAs. 
The  points  are  experimental  data  and  the  curve  is  from  finite- 
difference  calculations.  CPWs  of  a  size  typically  used  in  mi¬ 
crowave  circuits  exhibit  backside  potential  calibration  errors  20 
dB  the  applied  center  conductor  signal.  Note  that  CPWs  with 
large  backside  potentials  not  only  exhibit  larger  electrooptic 
errors  but  are  also  more  susceptible  to  multi-moding  [4]  and 
are  undesirable  microwave  transmission  structures. 

Elcctrooptic  accuracy  in  probing  digital  circuits  is  more 
complex.  Spot-size  and  backside  potential  effects  create  both 
electrooptic  crosstalk  and  calibration  errors.  One  model  of  a 
complex  digital  circuit  is  an  array  of  parallel  lines  of  equal 
width  at  a  fixed  pitch.  To  find  the  electrooptic  crosstalk  from 
an  individual  line,  use  superposition:  apply  a  signal  to  one  line 
and  ground  the  rest.  The  electrooptic  measurement  beneath 
the  grounded  lines  is  then  the  crosstalk.  Figure  2  plots  this 
electrooptie  *~rosstalk  as  a  function  of  line  number  for  arrays  of 
long  5  ftm  lines  at  4  different  pitches.  Note  that  the  backside 
potential  is  nearly  constant  over  several  hundred  microns  from 


the  signal.  In  measurements  of  the  closest  lines,  where  the 
frontside  potential  in  the  gaps  is  greatest,  the  positive  spot- 
size  crosstalk  partially  cancels  the  negative  backside  contribu¬ 
tion,  reducing  total  electrooptic  crosstalk.  In  these  structures, 
crosstalk  is  smaller  than  -30  dB;  a  two-layer  array  of  perpen¬ 
dicular  lines  -  an  even  closer  approximation  to  a  real  digital 
circuit  -  will  have  significantly  less  electrooptic  crosstalk. 

Electrooptic  probing  at  1.06  pm  generates  charge  in  the 
GaAs  through  deep-level  absorption  (EL2)  [5]  and  through 
two-photon  absorption  (TPA).  To  determine  the  relative  con¬ 
tributions  of  the  two  processes  at  the  power  levels  used  in  elec¬ 
trooptic  probing  (typically  30  mW),  the  short-circuit  current 
of  a  well-characterized  MBE  Schottky  diode  [2]  was  examined 
as  a  function  of  optical  power  (see  Figure  3).  TPA  dominates 
above  a  few  mW,  in  agreement  with  calculations  of  this  current 
from  the  diode  parameters,  published  TPA  coefficients  [6,7]. 
and  EL2  optical  cross  sections  [8].  Typical  currents  in  this 
diode  are  tens  of  microamps.  Similar  charge  creation  within  a 
MESFET  increases  the  drain  current,  probably  through  trap 
excitation  at  the  substrate-channel  interface  [9].  Although  this 
increase  can  be  significant  when  the  beam  is  within  the  device 
or  is  scattered  from  surface  irregularities  to  the  device,  most 
electrooptic  probing  examines  interconnect  metallization  riot 
devices. 
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Figure  1:  Calibration  errors  in  electrooptic  probing  of  CPWs. 
O  -  experimental; -  -  finite- difference  calculation. 
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Figure  3:  Dependence  of  induced  short-circuit  diode  current  on 
optical  intensity.  The  slope  reveals  that  two-photon  absorption 
dominates  above  a  few  milliwatts. 


Figure  2:  Electrooptic  crosstalk  in  probing  arrays  of  5  pm  lines. 
The  backside  signal  is  partially  canceled  by  spot -size  averaging 
for  lines  near  the  driven  one. 
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In  the  last  two  years  photoemission  probing  has 
evolved  as  a  new  tool  for  the  characterization  of 
ultrafast  devices  and  integrated  circuits  ’5  The  main 
motivation  for  starting  this  new  approach  is  twofold 
First,  it  was  the  lack  of  a  method  allowing  the 
determination  of  ultrafast  signals  in  the  lower 
picosecond  range  on  Si-based  devices  Second,  it 
was  the  chance  to  do  such  measurements  much 
faster  than  with  the  existing  electron-beam  method, 
thereby  enabling  new  applications  prohibited  before 
in  the  picosecond  range. 

In  this  work  we  will  estimate  the  capability  and  the 
limits  of  photoemission  probing  in  its  sampling,  i  e  . 
time-resolved  mode,  as  well  as  in  its  voltage-contrast 
mode  The  ultimate  limits  and  special  effects  of 
photoemission  probing  coincide  partly  with  those  of 
electron-beam  probing,  but  partly  also  differ  very 
much  from  them  One  main  difference  is  the  lower 
kinetic  energy  of  the  photoemitted  electrons  In 
present  photoemission  probing  systems,  the  kinetic 
energies  of  the  emitted  electrons  range  from  zero 
energy  to  about  1  eV  in  the  one-photon  excitation' } 
and  up  to  2  eV  in  the  three-photon  excitation  15  In 
comparison,  the  secondary  electron  peaks  in 
electron-beam  probing  are  around  2-3  eV  for 
atomically  clean  surfaces  and  around  9  eV  for 
air-exposed  samples.  The  low  energies  in 
photoemission  probing  require  the  application  of 
extraction  Helds,  depending  on  the  geometry  and  the 
voltages  on  the  chip  close  to  the  point  where  the 
measurement  is  done  However,  due  to  the 
transit-time  effect.6'  extraction  fields  are  also 
required  in  electron-beam  sampling  if  a  time 
resolution  in  the  picosecond  range  is  desired 

On  the  other  hand,  the  small  width  of  the 
photoelectron  energy  distribution  leads  to  a  very  high 
voltage  sensitivity  which,  together  with  the  high 
number  of  electrons  per  pulse  in  photoemission,  in 
principle  enables  the  measurement  of  series  of 
waveforms  on  an  integrated  circuit  in  a  rather  short 
time  Effects,  limiting  the  acceptable  number  of 
electrons  per  pulse  are.  eg.  the  space  charge  build 
up  by  the  emitted  electrons  and  the  Coulomb 
repulsion  between  these  electrons  While  the  space 
charge  limits  the  number  of  electrons  which  can  be 
emitted  per  pulse,  the  Coulomb  repulsion  leads  to  a 


pulse  spreading  in  energy  as  well  as  in  space  and 
time  In  photoemission  probing  this  energy 
broadening  results  in  a  voltage  sensitivity  worse  than 
that  predicted  by  the  shot-noise  limit,  but  dr.',  s  not 
affect  the  time  resolution  In  electron-beam  probing 
this  effect  in  the  primary  beam  limits  the  time 
resolution. 

For  voltage  contrast  measurements  the  interesting 
question  is  how  far  materials  contrast  effects  will 
interfere  with  voltage  contrast  and  what  limits  these 
effects  set  to  the  detectable  voltage  contrast 

In  this  work  we  will  present  voltage  contrast 
measurements  and  their  interference  with  materials 
contrast  effects,  rise  time  and  device  delay 
measurements  on  integrated  circuits,  and  an 
investigation  of  the  Coulomb  spread  as  a  function  of 
incident  laser  intensity 
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The  advances  in  process  technology  and  the  better 
understanding  of  design  and  scaling  principles  have  led  recently  to 
the  realization  of  very  high  speed  I  .SI  and  VLSI  circuits  These 
circuits  have  gate  delays  as  short  as  13  ps  (in  the  case  of  0  1 
NMOS)  HI  and  characteristic  feature  and  wiring  interconnect  sizes 
smaller  than  one  micron.  Circuits  built  today  arc  already  beyond  the 
testing  capabilities  of  conventional  equipment,  both  in  terms  of  the 
access  to  internal  nodes  and  in  terms  of  their  temporal  resolution. 
Flection  beam  soilage  contrast  testing  systems  provide  an  attractive 
solution  to  the  noncontact  probing  of  internal  nodes,  particularly  as 
the  nonintrusi.c  probe  of  these  systems  is  electrically  nonloading 
and  can  be  positioned  very  accurately  on  the  circuit  However,  such 
systems  have  traditionally  lacked  the  time  resolution  that  is  now 
needed  In  order  to  answer  this  problem,  we  have  recently 
developed  a  picosecond  laser  pulsed  electron  microscope,  designed 
for  the  noncontact  measurement  of  internal  waveforms  on  high 
speed  VLSI  circuits.  We  first  describe  the  instrument  itself  and  then 
present  unique  measurements  we  have  performed  on  high  speed 
silicon  bipolar  FCI.  circuits  and  on  a  0  5  gm  CMOS  SRAM  test 
vehicle.  It  is  the  first  time  that  such  high  speed  waveforms  have  been 
measured  directly  in  situ  on  advanced  silicon  circuits 

The  Picosecond  Pholoelcelfon  Scanning  Fleet  ron  Microscope 
(PPSLM)  is  shown  schematically  in  figure  1  This  novel  instrument 
provides  a  temporal  resolution  of  less  than  5  ps  for  riselime 
measurements  and  l  ps  for  delay  measurements,  a  spatial  resolution 
of  0  I  pm  for  both  the  probe  size  and  for  its  positioning  accuracy, 
and  a  voltage  resolution  of  3wl'/v i ( H:)  [2|.  The  measurements 
can  be  performed  at  any  point  on  circuit  interconnect  lines  that  art- 
accessible  from  the  top  surface.  The  signals  arc  sampled  by 
stroboscopic  voltage  contrast  where  the  waveform  on  the  circuit  is 
progressively  shifted  in  time  with  respect  to  the  electron  probe 
pulse  The  pulsed  electron  probe  beam  impinging  on  the  metal  lines 
of  the  circuit  results  in  the  emission  of  secondary  electrons  whose 
energy  distribution  is  shifted  by  the  instantaneous  voltage  at  the 
particular  node  of  the  circuit  Because  of  the  superior  capability  of 
the  laser  driven  electron  source,  the  system  operates  at  low  beam 
energy  (below  2  keV)  where  charging  problems  can  hr  avoided  and 
no  damage  to  the  devices  is  expected.  It  lakes  only  about  twenty 
seconds  to  recover  a  waveform  at  the  1(X)  MH/  repetition  rate- 
determined  by  the  mode -locked  laser  Although  it  is  constantly 
operating  in  a  pulsed  mode,  the  system  provides  full  viewing  of  the 
chip  under  test  on  a  TV  screen  obtained  by  raster  scanning  of  the 
electron  beam.  The  beam  can  then  be  accurately  positioned  on  this 
image  at  the  desired  measurement  point  and.  switching  in  a  spot 
mode,  the  waveform  is  then  acquired.  Typically  one  thousand  points 
are  acquired  per  waveform  with  a  lime  span  which  can  extend  to 
several  nanoseconds  The  waveforms  are  stored  in  an  IBM  PC-XT 
and  can  be  averaged  or  signal  processed  at  will. 

As  a  first  example  of  application  of  this  instrument,  we  present 
here  the  detailed  charactei  ,/ation  of  sub- 1 00  ps  silicon  bipolar  F(*l 
ring  oscillators  (3|.  These  circuits  are  fabricated  with  an  emitter  si/e 
on  the  wafer  of  0  8x2.0  /on-’  The  circuit  is  made  up  of  ten  stages 


connected  in  in  series  and  a  feed  back  loop.  The  basic  FCL  gate  is 
shown  in  figure  2(a)  with  the  measurement  points  of  interest.  For 
these  measurements  the  self  oscillation  of  the  circuit  is  disabled  at 
the  first  stage  and  an  enable  input  on  the  second  stage  is  used  as  a 
trigger  input  for  synchronization  We  measure  the  waveforms  at  the 
different  points  within  the  F.CL  gales  as  the  switching  pulse 
progresses  down  the  chain  Figure  2(b)  shows  the  waveforms 
measured  at  the  collector  node  of  the  switching  transistor  and  the 
emitter-follower  output  node  for  a  typical  unloaded  internal  gale. 
Most  of  the  measured  total  gate  delay  of  90  ps  arises  in  the  current 
switch  which  exhibits  a  78  ps  delay  while  the  output  emitter  follower 
contributes  only  12  ps.  The  simulated  waveforms  at  these  nodes 
using  ASTAP  models  are  shown  in  figure  2(c)  for  comparison  The 
excellent  agreement  is  evident  and  show  how  the  models  can  be 
tuned  to  match  as  built  circuits.  Such  measurements  can  also  provide 
information  on  process  variation  at  the  scale  of  the  circuits,  from  the 
differences  in  the  measured  delays.  We  have  studied  the  in  situ 
operation  of  these  ECT  gates  under  various  conditions  of  bias, 
voltage  swing  and  loading  thereby  providing  detailed  information 
about  their  internal  workings  which  was  not  accessible  up  to  now 

The  second  example  of  application  of  this  instrument  involves 
the  measurement  of  the  access  time  for  a  0  5  am  CMOS  SRAM  and 
the  study  of  the  breakdown  of  this  access  time  among  the  different 
circuits  rn  th«s  complex,  fully  functional  chip  |4)  The  circuit  on  this 
chip  arc  fast  enough  ‘hat  the  conventional  e-beam  testing  systems 
cannot  resolve  the  waveforms  The  chip  is  a  59b  bn  SRAM 
experimental  test  vehicle  fabricated  with  a  selectively  scaled  0  5  jun 
CMOS  process  (51  In  order  to  make  measurements  on  both  metal 
interconnect  levels,  the  insulator  separating  the  two  layers  was 
removed  where  it  was  not  covered  by  the  second  level  mvtal  The 
polyimide  was  chemically  wet  etched  and  the  underlying  nitride 
removed  by  Rif-  The  chips  were  checked  to  be  fully  functional 
after  this  procedure  with  no  measurable  difference  in  their 
performance  Figure  3(a)  shows  the  measurements  taken  on  the 
path  from  the  clock  input  to  the  selected  memo,.,  cell  They  show 
the  delays  encountered  through  the  different  logic  stages  as  outlined 
in  figure  3(b)  Wiring  delays  which  also  contribute  to  the  access 
time  can  also  be  measured.  As  (he  chip  gst  faster  and  larger,  these 
wiring  delays  will  have  to  be  taken  into  account  in  the  design  of 
future  chips  We  measured  a  total  access  time  to  the  data  output  of 
3  5  ns  when  a  "0"  is  read  The  read  a  I"  access  time  is  10“<» 
longer  Let  us  also  point  out  that  for  these  measurements  the  chip 
was  clocked  at  100  MHz  .  which  emphasizes  the  high  performance 
of  this  emerging  technology 

In  summary,  the  technique  we  have  presented  here  allows 
one  to  measure  and  fully  characterize  the  internal  waveforms  within 
a  circuit,  as  well  as  to  resolve  the  risetimes  and  the  contributions  to 
the  delay  of  the  different  components  with  picosecond  resolution 
The  measurements  we  have  presented  here  on  high  performance 
silicon  circuits  arc  unique  and  unprecedented,  and  have  hardly 
stretched  the  capabilities  or  the  instrument  Moreover,  the  loading 
effects  usually  encountered  in  electrical  measurements  are  avoided 
in  this  noncomau  iivtinique.  ti,js  making  it  a  unique  tool  for  the 
characterization  of  high  speed  VLSI  circuits  Further  improvements 
of  the  system  include  a  cold  chuck  capable  of  cooling  the  chip  down 
to  77  K  and  an  image  processing  system  to  improve  viewing  and 
navigation  in  very  complex  circuits 
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Figure  1.  Schematic  of  the  experimental  setup  for  the 
photoelectron  scanning  electron  microscope.  (PUT  is 
the  device  under  lest). 


Figure  2.  b>  Measured  waveforms  at  designated  internal  node 
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PULSED  NEGATIVE  ELECTRON  AFFINITY  CATHODE 
FOR  TINE-RESOLVED  ELECTRON  MICROSCOPY  AND 
ELECTRON  SPECTROSCOPY 

N.C.  MACDONALD  AND  COLIN  A.  SANFORD 

Department  of  Electrical  Engineering 
and  the  National  Nanofabrication  Facility 
Cornell  University,  Ithaca,  New  York  14853 


Since  the  late  1960‘s  the  scanning 
electron  microscope  (SEM)  has  been  used  to 
study  spatially  resolved,  time  varying 
phenomena  (1,2)  with  a  beam  pulse  width  of  200 
ps  (2).  Time-resolved  SEM  measurements  at  a 
GHz  bandwidth  were  achieved  in  the  1970's  (3- 
5)  with  a  beam  pulse  width  of  2  ps  (5). 
However,  these  time-resolved  SEM's  and 
numerous  subsequent  SEM  systems  have  been 
severely  limited  by  the  effectiveness  of  the 
high  speed,  beam  blanking  systems  to  produce 
short  electron  pulses  without  reducing  the 
effective  brightness  of  the  electron  optical 
system.  Furthermore,  to  achieve  a  sufficient 
number  of  electrons  in  the  picosecond  duration 
pulses,  designers  were  forced  to  increase  the 
source  brightness  by  the  use  of  field  emission 
sources;  these  field  emitters  required  a  UHV 
environment  and  produced  additional  noise 
above  the  shot  noise  limit. 

Recently,  May,  Halbout  and  Chiu  (6,7) 
devised  a  method  to  eliminate  the  SEM  blanking 
optics  and  increase  the  source  brightness. 
They  replaced  the  conventional  SEM  electron 
cathode  (e.g.  Lanthanum  Hexaboride,  tungsten, 
etc.)  with  a  high  brightness  (A  cm  2  str~1) 
laser-pulsed  electron  cathode,  and  achieved  a 
substantially  improved  time  resolution  of  5  ps 
for  the  measurement  of  a  voltage  waveform  on 
an  integrated  circuit.  The  authors  used  a  new 
photocathode  made  of  a  thin  film  of  gold 
deposited  on  quartz  and  excited  by  a  pulsed  UV 
(266  nm)  laser  in  transmission  mode.  For  an 
average  optical  power  of  2  mW;  a  conversion 
efficiency  of  2  x  10"  ,•  an  emission  current  of 
10  nA;  a  beam  energy  of  1.8  keV;  an  average 
beam  current  of  50  pA;  and  a  spot  size  of  100 
nm,  they  achieved  3-5  electrons/pulse  for  a 
pulse  duration  of  1.5  ps  (7).  The  gold  film 
UV  cathode  was  operated  in  a  typical  SEM 
environment  at  pressure  of  10“5  torr. 

The  voltage  contrast  application  for 
laser-pulsed  cathode  of  May,  et.al. 
illustrates  one  exciting  application  for  a 
laser  pulsed  electron  cathode. 

In  this  paper  we  aiscuss  the  operation  of 
a  GaAs  negative  electron  affinity  (NEA)  laser 
pulsed  cathode  mounted  in  a  UHV  scanning  Auger 
microprobe  (SAM).  The  GaAs  NEA  electron 
cathode  can  be  excited  by  either  a  CW  or  a 
pulsed  laser  source  for  a  nominal  wavelength 
range  of  600  to  750  nm.  Since  high  average 
power  semiconductor  (.1W)  or  gaseous  (5  watts) 
lasers  are  quite  common  for  these  wavelengths, 
many  laser-cathode  electron  gun  configurations 
are  possible.  The  ability  to  operate  the  NEA 
cathode  in  the  CW  mode  using  a  semiconductor 
laser  offers  the  possibility  for  replacing  the 
conventional  Lanthanum  Haxaboride  source  with 
a  higher  brightness,  compact  NEA  cathode  that 
can  also  operate  in  the  pulsed  mode  for  beam 
blank  ing . 


Enhanced  electron  emission  from  GaAs 
under  photon  excitation  is  achieved  through 
special  in-situ  preparation  of  the  GaAs 
surface.  The  effective  negative  electron 
affinity  condition  may  be  obtained  on  the 
surfaces  of  heavily  doped  p-type  GaAs  (8) 
upon  which  monolayer  quantities  of  cesium- 
oxide  are  grown.  The  effective  negative 
electron  affinity  photocathodes  have  an 
inherently  narrow  energy  distribution  due  to 
their  room  temperature  operation  and  an 
electron  refraction  property  which  causes 
emitted  electrons  to  be  refracted  toward  the 
normal  of  the  emitting  surfaces.  Typically 
such  cathodes  use  lasers  to  photoexcite 
electron-hole  pairs,  and  because  lasers  can 
easily  produce  optical  pulses  less  than  100 
ps  at  high  repetition  rates  (>100  MHz) ,  these 
cathodes  are  well  suited  for  electron  beam 
sampling  techniques.  Furthermore,  because  of 
the  high  conversion  efficiency  of  incident 
photons  to  emitted  electrons,  high  brightness 
electron  sources  are  possible. 

For  CW  operation  of  the  GaAs  NEA  cathode, 
we  have  achieved  a  sources  brightness  measured 
at  the  sample  of  2  x  105  (A  cm-2  sr”1)  for  a 
beam  energy  of  3  keV  and  an  incident  laser 
power  of  30  mW  at  ^  =  647  nm .  Only  a 

fraction  of  the  laser  power  was  available  to 
excite  electrons  in  the  present  electron  gun 
design,  because  the  large  spot  size  (500  >um 
diameter)  of  the  laser  source  also 
illuminates  non-emitting  surfaces  adjacent  to 
the  cathode.  Straightforward  improvements  in 
the  electron  gun  design-part icularly  the 
laser  coupling  optics  to  the  GaAs  substrate- 
should  improve  the  source  brightness  by  at 
least  two  orders  of  magnitude. 

We  demonstrate  the  use  of  the  system  to 
perform  high  spatial  resolution  (75nm) ,  time- 
resolved  (100  ps)  voltage  waveform 
measurements  on  integrated  circuits  and  Auger 
electron  spectroscopy  for  the  study  of  time 
varying  surface  phenomena. 
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CHARACTERIZATION  OF  ps-ELECTRONIC  DEVICES: 

A  CHALLENGE  FOR  E-BEAM  TESTING 

M.  Brunner.  R.  Schmitt,  D.  Winkler 
Siemens  Research  Laboratories, 

Otto-Hahn-RIng  6.  D-8000  Munich,  Germany 

Microwave  and  digital  ICs,  based  on  GaAs  as  well  as  silicon  bipolar 
technologies,  have  reached  operating  speeds  above  10  GHz  and  gate 
delays  below  10  ps  (1,2].  Progress  towards  even  higher  speeds  con¬ 
tinues  and  Is  accompanied  by  growing  complexity  and  further  mini¬ 
aturization  of  the  structures.  The  testing  and  probing  techniques  re¬ 
quired  for  technology  and  circuit  development  have  to  keep  pace  with 
this  development.  Both  functional  tests  as  well  as  Internal  waveform 
measurements  are  necessary  to  characterize  timing,  signal  levels,  tran¬ 
sient  response  and  coupling  effects.  Furthermore,  Internal  waveform 
measurements  are  needed  to  verify  simulations.  Mechanical  probing  In¬ 
troduces  a  capacitive  load  and  Influences  the  circuit's  function.  The 
small  sizes  of  the  structures  to  be  probed  additionally  limit  the  ap¬ 
plicability  of  mechanical  probes. 

Several  new  methods  using  laser  or  electron-beam  sampling  are 
therefore  under  development  [3-14].  Lasers  utilizing  electrooptic  effects 
allow  a  unique  time  resolution  In  the  fs  range.  However,  the  device  must 
be  triggered  by  an  electrooptic  switch  and  the  laser  governs  device 
operation.  On  the  other  hand,  a  probing  technique  which  allows  the 
characterization  of  all  the  specifications  listed  above  has  to  be  flexible  In 
driving  the  device  under  test.  That  Is,  the  device  under  test  has  to  be 
operated  at  different  Input  frequencies.  Input  voltages,  with  different  out¬ 
put  loads,  power  voltages,  etc.  A  digital  circuit  needs  digital  addressing 
and  the  sampling  mechanism  has  to  be  synchronized  with  the  digital  sig¬ 
nals. 

The  e-beam  technique  [11-14]  Is  superior  to  other  techniques  with 
respect  to  the  requirements  of  flexibility.  The  device  under  test  can  be 
driven  with  signals  of  continuously  variable  levels  and  frequencies  bet¬ 
ween  dc  and  several  GHz.  The  e-beam  Is  moreover  not  limited  to 
electrooptic  materials  like  some  laser  methods.  It  Is  also  a  proven  techni¬ 
que  since  a  version  with  nanosecond  time  resolution  has  been  In  practi¬ 
cal  use  for  more  than  ten  years  on  large  and  very  large  scale  Integrated 
circuits  [15-19].  It  Is  known  not  to  Interfere  with  the  device  function  and 
is  nonloading  because  the  primary  e-beam  current  and  the  current  of 
secondary  electrons  compensate  each  other. 

The  e-beam  test  technique  focusses  short  e-beam  pulses  to  a  spot 
size  of  typically  0.5  urn  on  an  IC-Intema!  test  point.  Smaller  spot  sizes 
down  to  0.1  \ltx\  are  possible  [20].  Secondary  electrons  are  analyzed 
with  respect  to  their  energy  which  reveals  the  voltage  of  the  probed 
point.  The  voltage  sensitivity  Is  limited  by  the  shot  noise  of  the  beam 
and  thus  depends  on  the  pulse  repetition  rate.  It  Is  20  mV/VHz  at  a 
repetition  rate  of  10  MHz,  which  reduces  to  2  mV/VHz  at  1  GHz.  1C 
Input  or  output  signals  are  used  to  trigger  the  electron-pulse  generation 
In  order  to  record  a  complete  waveform,  the  phase  relation  between  the 
1C  signals  and  the  sampling  electron  pulse  Is  shifted.  High-speed  ap¬ 
plications  require  the  e-beam  pulses  to  be  short  and  need  a  very  stable 
synchronization  between  the  signal  to  be  recorded  and  the  e-beam 
pulse.  An  effective  pulse  duration  of  15  ps  has  been  achieved  Including 
the  Influence  of  Jitter  In  the  synchronizing  electronics  (14].  Improving  the 
trigger  stability  should  Improve  the  effective  pulse  duration  to  below 
10  ps.  The  time  resolution  is  then  ultimately  limited  by  the  transit  time  ef¬ 
fect  of  secondary  electrons  [21,22]  to  a  value  between  5  and  10  ps.  Fur¬ 
ther  Improvement  needs  mathematical  methods  to  correct  the  signal  for 
the  Influence  of  this  effect.  Different  methods  of  synchronization  bet¬ 
ween  the  device  under  test  and  the  e-beam  are  possible  depending  on 
the  application: 

-  The  device  under  test  and  the  e-beam  can  both  be  triggered  by  an 
external  dock  or  Input  signal. 

-  The  device  can  be  free-running  (e.g.  an  oscillator)  and  an  output  sig¬ 
nal  can  be  used  for  synchronizing  the  e-beam. 

-  The  device  can  be  driven  by  an  external  signal  but  the  e-beam  can 
be  triggered  by  an  output  signal  from  the  device. 

and  so  on. 

Some  results  of  practical  applications  will  now  be  reported  to  de¬ 
monstrate  that  the  e-beam  technique  can  satisfy  present  and  near-future 
needs  of  high-speed  circuit  characterization.  Fig.  1  shows  a  measure¬ 
ment  on  a  coplanar  strip  line  which  was  driven  by  a  step  recovery 
diode  The  nominal  rise  time  of  35  ps  Is  dearly  resolved  but  the 


measurement  shows  an  Increase  to  30  ps  by  convolution  with  the  15  ps 
pulse.  For  precise  rise  time  measurements  this  can  be  corrected  mathe¬ 
matically  because  the  pulse  duration  Is  known.  The  signal  propagation 
delay  between  the  two  probed  points  Is  measured  to  be  3.5  ps  cor¬ 
responding  to  a  velocity  of  1 1 4- 1 06  m/s.  This  velocity  agrees  very  well 
with  the  theoretical  value  based  on  the  propagation  on  a  coplanar  line 
with  an  electrostatic  constant  of  tt  =  9  of  the  substrate.  This  example 
demonstrates  that  c^th  rise  time  measurements  and  timing  measure¬ 
ments  in  the  ps  range  are  possible  with  the  e-beam. 

The  flexibility  of  the  e-beam  pulse  synchronization  allows  measure¬ 
ments  on  frequency  dividers  [23]  operating  the  device  under  different 
conditions  (Fig.  2).  In  this  application  the  e-beam  Is  triggered  by  the 
device  output  yielding  a  repetition  rate  of  almost  1  GHz.  In  this  way  the 
synchronization  and  the  repetition  rate  automatically  match  all  internal 
signals.  The  measured  waveforms  show  overshooting  of  the  first  divider 
stage  which  increases  with  input  frequency.  Internal  differential  input 
stages  avoid  sensitivity  to  these  overshots  and  allow  operation  up  to 
7.67  GHz  of  this  particular  device  under  test.  The  device  failed  above 
this  frequency.  Among  others,  these  measurements  demonstrate  that  e- 
beam  probing  of  internal  voltages  below  200  mV  is  possible  with  good 
results. 

The  combination  of  the  e-beam  tester  with  a  wafer  prober  stage  al¬ 
lows  measurements  directly  on  the  wafer.  The  prober  stage  [24]  is  spe¬ 
cially  designed  for  use  in  the  e-beam  tester.  Its  height  is  only  1  mm  In 
the  region  above  the  chip  to  allow  for  a  short  working  distance  of  the 
secondary  electron  spectrometer.  Signals  up  to  12  GH2  can  be  applied 
to  the  chip  via  the  prober  with  the  possibility  of  verltylng  the  Input  signal 
In  situ.  (Fig.  3)  shows  measurements  on  a  GaAs  ring  oscillator  [25] 
using  the  prober  stage.  The  oscillator  output  Is  contacted  via  the  prober 
to  synchronize  the  e-beam.  The  measurement  allows  gate  delays  to  of 
individual  stages  to  be  determined  while  the  values  calculated  from  the 
oscillator  frequency  are  mean  values.  The  delay  of  a  single  transistor 
can  also  be  determined.  The  result  further  shows  that  the  voltage  levels 
of  the  different  stages  differ.  The  measurement  also  reveals  the  Internal 
signal  rise  time  tr  which  Is  not  otherwise  known. 

It  can  be  concluded  that  e-beam  testing  Is  able  to  characterize 
present  and  near-future  high-speed  devices  allowing  a  high  degree  of 
flexibility  for  device  operation.  It  Is  In  the  range  of  one  ps  and  below  that 
electrooptic  techniques  become  superior. 
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Fig,  2:  E-beam  probed  internal  signals  of  a  silicon  bipolar  static  8:1 
frequency  divider  Overshooting  causes  device  malfunction  at 
frequencies  above  7  67  GHz. 
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In  recent  years,  the  underlying  principles  of  electron  beam 
testing  (EBT)  have  been  thoroughly  investigated  [1,2],  and  this 
has  become  a  well  established  method  [3,4]  of  chip  verification 
and  failure  analysis  of  VLSI  circuits.  The  advantages  of  this 
contactless  and  nonloading  method  for  chip-internal  measure¬ 
ments  compared  with  the  mechanical  probe  are  undisputed,  as 
can  be  seen  from  the  range  of  commercial  available  EBT  sys¬ 
tems  [5,6,7].  However,  none  of  these  systems  can  resolve  all  the 
problems  currently  arising  in  the  testing  of  integrated  circuits. 
Important  performance  criteria  are  the  attainable  spatial,  tem¬ 
poral  and  voltage  resolution  as  well  as  the  availability  of  specific 
measuring  modes  and  operating  conditions.  The  performance 
of  the  ICT  9010  e-beam  tester*  used  for  the  present  investiga¬ 
tion  will  be  measured  on  the  basis  of  the  specifications  defined 
by  the  Siemens  4  Mbit  dynamic  random  access  memory  (4M 
DRAM)  development  [8]. 

In  the  first  place  this  means  that  measurements  at  low  pri¬ 
mary  electron  (PE)  energies  (typically  Epp  =  1  keV)  and  high 
probe  currents  ( Ipe  >  1  nA)  must  be  performed  on  submi¬ 
cron  interconnection  lines ,  i.e.  with  extremely  good  spatial  res¬ 
olution.  Consequently,  the  diameter  d  of  the  PE  probe  must 
be  smaller  than  0.2  pm  to  satisfy  the  condition  d  <  1/5  w 

(tw:  interconnection  width).  Since  conventional  scanning  elec¬ 
tron  microscopes  (SEMs)  do  not  satisfy  this  requirement,  a 
new  electron-optical  column  (EOC)  was  developed  [5,10].  A 
schematic  representation  of  the  main  components  of  this  EOC 
can  be  seen  in  Figure  1.  In  combination  with  the  immersion 
condenser  and  the  spectrometer  objective  lens,  the  low-voltage 
triode  electron  gun  (LaB$  cathode,  (3  =  3.2  •  10*  A/cm2  sr 
at  Ups  —  1  kV,  heated  to  about  1550°C  [5])  takes  into  con¬ 
sideration  the  strong  dependence  of  the  spot  diameter  on  the 
chromatic  aberration  coefficient  and  on  electron-electron  inter¬ 
actions  at  low  PE  energies.  The  EOC  was  consequently  opti¬ 
mized  and  a  PE  probe  mameter  of  d  <  0.12  pm  {Ipe  —  2.5  nA, 
Upe  —  1  kV,  final  aperture  a  —  0.02  rad,  working  distance 
2  mm)  could  be  realized.  This  is  fully  sufficient  for  measure¬ 
ments  on  submicron  lines  up  to  the  16M  DRAM  generation. 

The  temporal  resolution  required  for  analyzing  4M  DRAMs 
is  less  exacting.  The  switching  times  of  the  CMOS  device  have 
values  of  about  <  1  ns  at  a  cycle  time  of  about  150  ns  (typical 
access  time:  70  ns).  The  tempor?’  resolution  derived  from  this 
has  to  be  better  than  200  ps,  since  the  PE  pulse  width  rp  should 
correspond  to  1/5  of  the  rise/fall  time  r  :  rp  <  1/5  r  [9l.  The 
pulse  repetition  rate  depends  on  the  specifications  of  the  beam¬ 
blanking  generator  (5  MHz).  The  ICT  9010  beam  blanking 
system  which  operates  independently  of  the  PE  voltage  alter¬ 
ations  is  integrated  into  the  anode.  A  temporal  resolution  of 
about  150  ps  could  be  demonstrated  by  measuring  a  nominal 
500  ps  0V/5V  edge,  which  is  sufficient  for  the  diagnosis  of  4M 
DRAMs. 

The  most  serious  problem  arising  in  the  4M  DRAM  design 
verification  are  the  voltage  resolution  and  accuracy  when  mea¬ 
suring  the  interior  of  the  chip  in  the  submicron  range.  De¬ 
tectability  of  a  20  mV  voltage  swing  (4M  DRAM  sense  signal 
A4*  is  about  150  mV)  and  an  overall  accuracy  of  3%  should 
be  ensured.  However,  high-precision  voltage  measurements  are 
usually  impaired  by  local  fields,  caused  by  switching  of  adjacent 
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lines  [11].  Such  influences  have  to  be  minimized  as  far  as  possi¬ 
ble,  calling  for  an  optimized  secondary  electron  (SE1  spectrom¬ 
eter  design  which  analyses  the  penetrating  SEs  independently 
of  their  emission  angle.  This  could  be  realized  by  an  in-lens 
spectrometer  objective  [12]  and  by  arranging  the  crossover  of 
the  SE  trajectories  to  be  in  the  center  of  the  two  hemispherical 
grids.  After  passing  the  retarding  field  built  up  by  the  spheri¬ 
cal  grids,  the  SEs  are  detected  by  a  double  Everhard-Thornley 
assembly.  The  behavior  of  the  SEs  inside  the  spectrometer  ob¬ 
jective  lens  has  been  described  extensively  in  [13].  Figure  2 
allows  an  experimental  quantification  to  be  made  of  the  theo¬ 
retically  predicted  performance  characteristics  with  respect  to 
suppression  of  the  local  field  effect.  The  experimental  arrange¬ 
ment  is  illustrated  by  the  timing  diagram  (Figure  2a)  which  is 
a  measuring  method  giving  the  designer  a  very  fast  overview 
of  the  chip’s  internal  logic  in  combination  with  the  logic  state 
mapping  micrograph  (Figure  2b)  which  represents  the  chip’s 
logic  behavior  in  a  more  sophisticated  manner.  Four  adjacent 
lines  of  the  4M  DRAM  address  bus  each  with  a  pitch  of  2.3  pm 
(line  width  1.1  pm)  were  supplied  by  the  indicated  test  pro¬ 
gram  (lines  1,  2,  4:  0V/5V,  line  3:  0V/3V).  Figure  2c  shows  the 
result  of  corresponding  waveform  measurements  and  Figure  2d 
lines  1,  2  and  3  on  an  enlarged  voltage  and  time  scale.  Whereas 
Figure  2c  roughly  indicates  that  voltage  coupling  is  small  and 
comparable  to  the  noise  level  (250... 300  mV).  Figure  2d  al¬ 
lows  a  quantitative  estimation  of  less  than  2%  to  be  made  of 
the  coupling  (200 . . .  250  mV  for  a  5  V  supply).  On  the  other 
hand,  the  voltage  accuracy  due  to  the  signal  level  is  excellent, 
showing  the  same  order  of  magnitude  (see  Figure  2  again).  The 
required  voltage  resolution  of  20  mV  could  also  be  confirmed  by 
an  appropriate  test  procedure.  Nevertheless  it  should  be  men¬ 
tioned  that  such  good  results  can  only  be  obtained  by  carefully 
adjusting  the  whole  system.  On  the  other  hand  the  beam  has 
to  be  positioned  precisely  and  the  surface  at  the  measuring  lo¬ 
cation  has  to  be  absolutely  clean.  Besides  this,  it  should  be 
kept  in  mind  that  EBT  is  in  principle  unable  to  perform  DC 
measurements.  The  ICT  9010  gets  around  this  by  normalizing 
the  actual  lowest  voltage  swing  to  zero. 

Finally,  an  example  of  4M  DRAM  analysis  requiring  utiliza¬ 
tion  of  all  system  features  -  high  spatial,  temporal  and  voltage 
resolution  -  is  shown  in  Figure  3.  A  design  weakness,  indi¬ 
cated  by  the  signal  oscillations  in  front  of  the  ”ATDN”  spike 
was  subsequently  identified  by  logic  state  mapping  (Figure  3b) 
and  waveform  analysis  (Figure  3c).  This  example  illustrates 
that  the  newly  developed  EOC  satisfies  all  the  requirements  for 
internal  measurements  on  submicron  structures. 


Figure  1.  Schematic  representation  of  the  ICT  9010  electron 
optical  column. 
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Figure  2.  Internal  measurements  on  the  4M  DRAM  bus  struc¬ 
ture  (pitch:  2.3  pm,  linewidth:  1.1  pm),  (a)  Timing  diagram 
and  (b)  logic  state  mapping  indicating  the  supplied  test  se¬ 
quence  (lines  l,  2  and  4:  0V/5V,  line  3:  0V/3V).  fc)  Corre¬ 
sponding  waveforms  and  (d)  expanded  part  of  waveforms  l,  2 
and  3  (e-beam  pulse  width:  1  ns). 
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Figure  3.  Detection  of  4M  DRAM  design  weakness,  (a)  Voltage 
contrast  micrograph,  (b)  Logic  state  mapping  performed  across 
the  marked  line  in  (a),  (c)  Corresponding  waveform  measure¬ 
ments. 
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In  1989  ve  constructed  one  of  the  most  advanced  semiconductor  factories 
in  the  world.  Now  again  we  are  taking  on  an  aggressive  probgram  to 
construct  the  most  evolutionary,  fully  automated  wafer  fab  possible. 

In  the  past  four  years  we  have  learned  quite  a  few  lessons  from  operating 
our  production  lines,  obtaining  numerous  successful  results.  Highly 
important  is  the  ability  to  establish  particle-free  processes,  with  the  result 
of  increasing  yield  and  device  quality,  although  a  luck  of  computing 
maturity  has  prevented  the  implementation  of  full  automation.  This  ability 
to  maintain  high  yields  allows  the  manufacture  of  such  advanced  devices 
as  the  I  MB  DRAM.  256k  SRAM,  and  900k  pixel  CCD. 

However,  there  are  many  problems  to  be  solved  at  the  present  time,  such 
as  decreasing  turnaround  time,  instituting  dynamic  schedule  changes.etc. 
Our  next  fab.  which  we  have  just  begun  to  construct,  will  become  one  in 
which  dynamic  factors  can  be  optimized  by  the  computer  system,  meaning 
the  approach  of  complete  automation. 

The  followings  are  the  strategies  and  studies  of  each  phase: 

Phase  1  11989) 

1.  Strategy 

We  wished  to  achieve  complete  automation,  but  key  items,  such  as 
computer  hardware,  software,  and  communication  technology  were 
insufficient  to  realize  our  goal.  We  then  focused  on  establishing  particle 
free  processes  by  using  Computer  Aided  Manufacturing  (CAM)  technology 
at  the  local  island  level.  Also  the  system  was  buiU  around  our  production 
pattern,  making  it  inflexible  to  change. 

2.  Concept 

a)  Manufacturing  fine  pattern  devices  based  on  particle  free  technology 

Super-clean  room  (class  10) 

Eliminate  operators  from  the  point  of  processing 

Particle-free  wafer  handling  systems 

Pure  materials  (i.e. .  gas,  water,  chemicals,  etc.) 

b)  Creating  a  high  performance  structure  of  equipment  system 

3.  System  outline 

a)  Clean  room  structure 

Two  levels  separated  by  gratins  gave  us  a  reliable  laminar  flow, 
which  facilities  and  "dirty*  equipment  placed  on  Ihe  lower  level. 
Wafer  processing  equipments  was  placed  on  the  upper  level. 

The  upper  level  is  divided  into  processing  and  maintenance  areas. 
Operators  are  kept  away  from  the  processing  area. 

b)  Transferring  system  between  islands 

Each  island  has  its  own  storage  (stocker).  A  linear  motor  transfer 
system  handles  nearly  501  of  the  transfers  between  these  Stockers. 

c)  Transferring  system  within  islands 

Each  equipment  has  its  own  stocker  which  can  supply  wafer 
cassettes  automatically  (  Typical  are  shown  in  Figures  I  &  2  ) 

d)  Improvement  of  equipment 

Wafer  (  or  cassette  )  handling  mechanisms  can  never  be  placed  above 
wafer  surfaces.  All  equipment  is  bulkhead  mounted  and  load/unload 
points  are  located  under  laminar  flow. 

e)  Pure  materials  supply  system 

D.I-  water  Dead-end  free  and  continuously  circulated  architecture 
guarantees.^  purity  at  use  points. 

Cas  :  Row-particle  materials  for  piping  are  chosen  and 

paniculate  is  intensively  monitored. 


9.  Results  and  future  topics 

We  have  achieved  results  satisfactory  enough  to  manufacture  1  0  urn 
design  rule  devices  at  high  yields  based  on  this  total  system  including 
another  particle  reduction  methods  such  as  the  study  of  non -static 
materials,  reactant  cleaning  procedures,  etc.  Also  total  throughput  is 
increasing  with  CAM  improvements. 

The  topics  that  we  have  to  consider  for  the  next  fab  are  how  to  increase 
manufacturing  flexibility,  how  to  manage  sch  Jule  changes,  and  how  to 
reduce  inefficiencies. 

Phase  2  (1987) 

1.  Strategy 

In  order  to  obtain  higher  yield,  greater  throughput,  shorter  turnaround 
time,  and  higher  quality,  we  will  have  to  establish  Computer  Integrated 
Manufacturmg(CIM)  system,  this  will  ioclude  simulation  and  Artificial 
Intelligence  (Al)  technology,  which  can  tightly  control  many  different 
dynamic  factors  related  to  the  realization  of  complete  automation. 

2.  CIM  system  outline  (  Shown  in  Figure  3  ) 

a)  Networking 

Hierarchical  and  distributed  architecture  based  on  Local  Area 
Networking  (LAN) 

b)  Database  configuration 

Integrate  process  and  product  data  in  a  relational  database 

c)  Total  control  software 

Product  ion  and  process  control  including  dynamic  scheduling 
di  Equipment  interface 

Real-time  equipment  monitoring  and  data  gathering  using  cell 
controllers  and  based  on  SECS  communication  protocol 

3.  Automated  transferring  system  outline 

Supply  wafers  directly  to  each  equipment  with  sufficient  throughput 
and  cleanliness,  organized  into  three  sections:  intelligent  stockers.  robotics 
and  highways. 
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Fig*  2  Ioniapiant  Zone  System 
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Fig.  3  Concept  of  computer  network 
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In-line  Wafer  Handling 

In  some  process  areas  wafers  may  be  transferred  one 
at  a  time  from  one  process  machine  to  another  in  a 
fixed  route.  A  transfer  device  could  be  a  conveyor  or  a 
robotic  arm,  for  example.  This  type  of  transfer  is 
characterized  by  itB  simplicity:  in  most  cases  the 
transfer  device  repeats  the  same  cycle  for  each  wafer 
being  transferred.  Whatever  the  complexity  of  the 
controller  needed  to  operate  the  transfer  device,  it  is 
possible  to  activate  it  by  very  simple  signals. 

Most  process  equipment  intended  for  in-line 
operation  can  be  supplied  with  digital  I/O  signalling 
capability  to  control  the  wafer  transfer  operation, 
which  could  be  achieved  using  only  four  TTL  optically 
isolated  signal  lines  between  the  pieces  of  process 
equipment< 1 } .  Unfortunately  this  has  not  been  standard¬ 
ized,  and  each  equipment  manufacturer  uses  its  own 
signalling  protocol.  Interfacing  two  machines  with  a 
transfer  device  often  requires  a  custom  microprocessor 
solution.  This  can  be  expensive  and  time  consuming  and 
may  also  result  in  loss  of  productive  time  while 
debugging  during  commissioning. 

Cassette  Transfer  in  Flexible  Routing  Systems 

Cassettes  can  be  transferred  between  machines 
in-line  as  above,  in  which  case  similar  conmunications 
and  control  strategies  could  be  applied.  However,  most 
cassette  transfer  systems  provide  flexible  routing 
between  machines,  work- in-progress  (WIP)  stations,  or 
process  areas.  Examples  of  such  systems  are  mobile 
robots,  automated  guided  vehicles  (AGVs),  magnetically 
levitated  'space  vehicles',  and  clean  tunnel  vehicles. 
The  control  architecture  of  these  systems  is  generally 
hierarchical .  In  the  lowest  tier  are  the  controllers  of 
the  individual  vehicles  or  motors  in  the  tracks,  and 
the  load/unload  station  controllers.  These  are  often 
connected  via  a  network  to  a  transport  host  in  a  higher 
tier.  The  transport  host  can  connect  to  a  superior  area 
or  factory  host.  This  is  usually  done  via  a  SECS  PS2‘,,?r 
link. 

SECS  for  Materials  Transfer 

For  automatic  remote  operation  using  SECS,  each 
item  of  process  equipment  would  normally  be  connected 
via  an  RS232C  serial  port  to  a  host  computer.  The  SECS 
II  standard,  stream  4,  defines  a  handshake  which  could 
be  implemented  between  the  sending  and  receiving 
process  equipment  in  order  to  effect  material 
transfer(2).  As  the  pieces  of  equipment  are  not 
directly  connected,  these  messages  must  be  passed 
unchanged  through  the  host. 

SECS  transactions  (SECS  messages  plus  associated 
replies)  can  be  grouped  together  into  a  'scenario'  in 
which  a  series  of  transactions  to  perform  a  particular 
task  is  defined.  Standardized  scenarios  are  being 
developed  for  the  .ontrol  of  automated  materials 
handling  equipment  Associated  with  these  it  is  being 
found  necessary  to  overhaul  and  expand  the  SECS  II 
Stream  4  message  definitions  relating  to  material 
movement.  The  proposals  include  more  precise  defini¬ 
tions  of  the  material  being  delivered  and  the  transport 
locations.  In  many  of  the  proposed  scenarios, 
transact '  .is  cu*e  '*~fined  the  transport  host  and 

process  equipment.  Again,  these  must  be  routed 
unchanged  through  the  factory  or  area  host. 

Alternatively,  each  piece  of  process  equipment 
could  be  fitted  with  extra  RS232C  ports  to  handle  the 
materials  transfer  messages  directly.  A  proposal  for 
all  process  machines  to  be  fitted  with  parallel  I/O 
lines  for  this  purpose  has  also  been  made(3). 


Network  Issues 

Some  of  the  difficulties  with  SECS  for  factory 
control  with  automated  materials  handling  relate  to  the 
network  structure  dictated  by  those  standards.  SECS  I 
specifies  point  to  point  connections.  The  network 
configuration  this  implies  in  a  two  layer  hierarchical 
system  is  a  star  with  a  host  device  at  the  hub.  In  a 
multi-layer  hierarchy  the  configuration  becomes  a  tree 
structure.  Peer  to  peer  communication  as  required  for 
both  in-line  and  flexible  routing  automated  materials 
transfer  can  only  take  place  through  a  superior  host 
node,  with  the  host  acting  as  a  passive  transparent 
device.  This  is  not  very  satisfactory  as  it  will 
needlessly  absorb  some  of  the  processing  capacity  of 
the  host,  and  it  will  require  different  routings  for 
nodes  located  at  different  points  in  the  tree, 
requiring  complex  bespoke  routing  software. 

This  places  a  severe  disadvantage  on  the  use  of 
SECS  as  currently  formulated.  Some  of  the  problems 
could  be  eliminated  by  the  use  of  a  more  suitable 
network  for  conmunications  between  host  and  area 
controllers,  process  machines  and  transport  devices. 

In  one  materials  handling  system,  process  equipment 
can  be  linked  via  SECS  I  6  II  to  the  nearest  WIP 
station  and  then  via  the  transport  system’s  LAN  and 
transport  host  to  the  factory  host(4).  Other  transport 
system  manufacturers  claim  to  be  able  to  supply 
proprietary  networks  to  handle  all  communications, 
although  the  degree  of  adherence  to  standards  can  vary. 

Work  has  been  carried  out  to  send  SECS  II  messages 
via  Ethernet  using  DARPA  TCP/IP  protocols(S) .  Another 
development  program  has  been  undertaken  to  send  SECS  II 
messages  on  a  Manufacturing  Automation  Protocol  (MAP) 
network(6).  This  is  an  Open  Systems  Interconnect  (OSI) 
network  with  features  especially  suitable  for  manufac¬ 
turing.  Unlike  Ethernet,  it  has  the  advantage  of  a 
nominal  guaranteed  maximum  response  time.  A  SECS 
Message  Service  (SMS)  for  semiconductor  manufacturing 
is  being  developed  to  run  alongside  MAP’s  own  MMS 
(Manufacturing  Message  Service)  which  has  more  general 
application  in  other  industries.  The  eventual  aim  of 
the  program  is  to  develop  SMS  to  a  point  where  it  can 
be  integrated  into  the  MAP  specifications  and  SEMI 
standards . 

These  efforts  in  sending  SECS  II  messages  on 
industry  standard  networks  will  enable  complex  routings 
to  be  made  with  a  minimum  of  wiring  and  demands  on 
pror«*?g  equipment  capabilities.  They  are  therefore 
especially  relevant  to  the  conmunications  and  control 
requirements  of  wafer  tabs  with  automated  materials 
handling  in  which  connections  need  to  be  made  between 
nodes  on  the  same  hierarchical  level,  with  each  node 
needing  multiple  connection  capability.  They  will  also 
enable  logical  configuration  without  regard  to  the 
physical  topology  of  the  network.  Such  a  network  could 
handle  all  factory  communications  with  SECS  II.  The  use 
of  such  a  network  will  probably  force  a  change  in  the 
structure  of  the  SECS  II  protocols  and  scenarios  to 
cope  with  multiple  open  communications  connections 
between  devices. 

The  author  has  had  practical  experience  in 
implementing  MAP  networks  and  is  researching  the  use  of 
networks  with  standardized  protocols  for  the  future 
conmunications  needs  of  automated  wafer  fabs. 
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An  automated  storage  system  for  managing 
and  controlling  work-in-process  wafer 
cassettes  and  reticles  can  have  tremendous 
impact  on  integrated  circuit  manufacturing 
efficiency.  A  system  is  proposed  which 
automatically  keeps  track  of  material  in 
storage  and  provides  real-time  access  to  this 
information. 

The  architecture  of  the  system  (shown  in 
figure  1)  is  based  on  a  small  electronic 
device  attached  to  each  container  of 
material  [1].  This  "tag"  consists  of  a 
microprocessor,  an  LCD  display,  and  a  9600 
BAUD  infrared  communications  system.  One  of 
these  tags  is  attached  to  containers  of  work- 
in-process  wafers  or  substrates,  and  also  to 
containers  of  masks  or  reticles.  An  infrared 
communications  probe  is  placed  in  each  bin  of 
the  material  storage  racks,  allowing  a  local 
personal  computer  to  directly  read  and  write 
the  tag  on  each  box.  The  tag  is  programmed 
by  these  same  probes  with  information  about 
the  material  inside  the  box,  and  is 
continually  updated  to  reflect  current 
material  status. 

An  operator  places  a  material  container 
in  any  empty  bin  of  a  storage  area.  A 
personal  computer  automatically  logs  the 
material  into  storage  and  reads  the  tag  on 
the  box  for  up-to-date  information  about  the 
material.  This  information  is  instantly 
available  to  operators  and  supervisors  using 
a  light  pen  menu  at  the  PC. 

Any  removal  of  material  from  storage  is 
automatically  recorded  as  a  legal  or  illegal 
removal.  Operators  may  request  permission  to 
remove  material  from  storage  using  the  light 
pen  at  the  PC.  Permission  to  remove  material 
is  granted  based  on  user-established 
"approval  algorithms".  When  permission  is 
given,  the  operator  is  guided  to  the  material 
by  a  graphical  display  on  the  PC  and  a 
flashing  LED  at  the  storage  bin  itself.  The 
LCD  on  the  tag  offers  final  verification  that 
the  correct  material  has  been  located. 

Management  summary  reports  may  be 
printed  at  regular  intervals  or  made 
available  to  PC's  outside  the  cleanroom  in 
real-time  via  a  local  area  network.  Central 
CAM  (computer  aided  manufacturing)  systems 
may  directly  access  a  storage  area  PC  through 
a  SECS  i/ll  or  LAN  connection.  This  central 
host  may  obtain  information  about  the  current 
status  of  material  in  storage  for  more 
accurate  reports.  If  desired,  the  storage 
system  can  automatically  update  the  host 
system  as  to  the  processing  history  of 
material  based  on  information  found  in  the 
tags  on  arriving  material.  This  can  reduce 
or  eliminate  the  need  for  operator 
interaction  with  expensive,  space  consuming 
terminals. 


Automated  transportation  systems  (AGV's, 
tracks,  etc.)  may  also  access  these  storage 
area  PC's  to  determine  the  location  of 
material.  Once  the  material  has  been 
located,  the  tag  attached  to  the  container 
may  be  interrogated  by  the  transport  system 
to  verify  identity  and/or  destination. 

An  LCD  display  on  each  tag  provides 
operator  information.  This  LCD  shows  the 
name  of  the  lot(s)  or  reticle(s)  inside  the 
container  and  the  next  destination  for  this 
container.  The  LCD  can  also  give  information 
about  the  next  process  step  to  be  performed. 

Use  of  the  tag  may  be  extended 
throughout  the  facility  with  a  tag  reader  at 
each  process  station  (figure  2).  Each  reader 
ha6  read/write  access  to  the  tag  when 
material  arrives  at  the  equipment  for 
processing.  If  the  material  does  not  belong 
at  this  process  step,  the  operator  is  warned 
by  a  flashing  red  light.  If  parallel  or 
serial  (SECS)  communication  is  supported  by 
the  process  tool,  processing  of  material  may 
be  locked  out  by  the  local  tag  reader  unless 
the  correct  destination  is  in  the  tag.  When 
the  correct  material  arrives,  the  process 
recipe  or  process  parameters  may  also  be 
downloaded  from  the  tag  to  the  process  tool. 
This  method  of  coding  processing  information 
into  the  material  carrier  allows  material  to 
be  drawn  through  a  "self-selected"  process  by 
the  needs  of  the  end-userUl. 

Accurate,  real-time  status  of  inventory 
allows  operators  to  reduce  the  time  spent 
searching  for  material  and  logging  material 
in  and  out  of  storage  (figure  3).  This  time 
is  immediatly  transformed  into  improved 
operator  and  equipment  utilization. 
Semiconductor  manufacturers  are  justifiably 
concerned  with  quick  turnaround  and  accurate 
yield  prediction  to  allow  management  to  make 
realistic  commitments  to  customers [3 ] .  Real¬ 
time  visibility  of  wafer  and  reticle 
inventories  is  essential  to  this  goal. 

The  system  described  above  satisfies 
these  requirements  and  allows  for  maximum 
flexibility.  All  of  the  elements  of 
production  are  integrated  into  the  system, 
including  people.  process  tools,  wafers,  and 
reticles.  In  addition,  the  distributed 
nature  of  the  system  provides  for  maximum 
system  reliability  and  availability. 
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Introduction 

The  worldwide  Semiconductor  Industry  is  currently 
considering  the  third  stage  of  materials  handling 
automation  -  integrated  inter-machine  automation. 

The  reasons  for  using  third  stage  automation  are  well 
understood: - 

.  Reduction  in  Particulate  Contamination  Leading 
to  Increased  Yield 

.  Consistent  Product  Quality 

.  Reduction  in  Order  to  Delivery  Time 

.  Minimisation  of  Clean  Volume 

.  Reduction  in  Work-in-Progress 

However,  the  criterion  for  choosing  a  particular 
strategy,  and  the  problems  inherent  in  implementing 
it  are  less  clear. 

This  paper  seeks  to  examine  the  use  of  a  particular 
tool,  the  robot,  in  cell  integration.  This  is 
achieved  in  three  stages :- 

.  Review  of  Available  Products 

.  Examination  of  Considerations  in  Specification 
and  Design  of  Robot  Systems 

.  Examination  of  Some  Implemented  Systems 

Having  established  some  of  the  problems  encountered 
when  implementing  robot  systems,  the  implications 
that  these  problems  have  on  automation  strategy  can 
be  examined. 

Specification  and  Design  of  Robot  Systems 

In  general,  the  Semiconductor  Industry  envisages 
robots  as  entirely  flexible  devices,  able  to  perform 
a  range  of  different  tasks  with  no  additional 
equipment  required.  However,  in  practice,  the  very 
flexibility  of  a  robot  means  that  it  may  require 
considerable  configuration  for  each  task.  When 
designing  a  robot  system,  therefore,  there  are  a 
number  of  factors  to  be  considered: - 

.  Robot  Selection:  The  choice  is  unlikely  to  be 
simple,  particularly  as  no  product  will  be 
completely  suitable  for  the  application.  The 
robot  needs  to  be  evaluated  for  load  capacity, 
reach,  programming  capabilities,  cleanliness, 
kinematics,  and  interfacing  capabilities.  This 
is  particularly  true  in  a  Wafer  Fabrication 
Facility  (WFF)  as  the  robot  must  not  only 
perform  its  required  tasks,  but  is  also  required 
to  uge  a  particular  path,  to  avoid  on-wafer 
contamination,  whilst  minimising  its  occupied 
volume . 

.  Gripper  Design:  Currently,  two  gripper  types 
are  used,  zero- force  programmable  edge  grippers, 
and  vacuum  back-side,  or  front-side,  grippers. 

As  only  the  gripper  directly  touches  the  wafer, 
the  robot  performance  (in  terms  of  cleanliness, 
repeatability,  and  wafer  handling)  cannot  be 
better  than  the  performance  of  the  gripper. 

.  operator  and  Services  Safety:  Robots  are 

intrinsically  hazardous  and  a  WFF,  whilst  very 
clean,  contains  noxious  substances  fed  to  a  small 


area  with  a  high  density  of  expensive  process 
equipment;  the  clean  room.  However,  of  primary 
importance  is  operator  safety.  In  such  an 
environment,  it  is  easy  for  an  operator, 
particularly  when  in  full  protective  clothing, 
to  forget  the  presence  of. a  robot. 

Programming:  Whilst  basic  programming  of  a 
robot  is  straightforward,  the  designer  should 
also  be  aware  of  the  possibility  of  system 
failure.  From  the  range  of  error  scenarios, 
suitable  alternative  procedures,  supported  by 
the  necessary  instrumentation  should  be  developed. 
It  must  also  be  recognised  that  the  robot 
positions  will  need  to  be  manually  taught, 
in-situ.  In  future  enclosed  cells,  direct 
programming  may  not  be  suitable  and  alternatives 
must  be  considered. 

It  is  likely  that  a  range  of  solutions  will  be 
produced  to  any  problem.  Choosing  the  best  system 
will  not  be  easy.  However,  by  considering  some 
general  systems  design  rules,  the  problems  of 
implementation  and  operation  can  be  reduced. 

Review  of  Implemented  Systems 

Information  is  currently  available  on  a  number  of 
systems  in  the  USA  and  Japan  (1)  (2)  (3).  This  will 
be  supplemented  by  presenting  some  of  the  experience 
gained  during  the  course  of  several  current  projects, 
including  the  integration  of  a  photo-lithography  area 
and  the  retrofitting  of  a  robot  to  a  chemical  wet 
processing  bench. 

Conclusions  -  Strategic  Implications  of  Robot  Systems 

By  examining  Assign  and  implementation  problems, 
particularly  when  related  to  real  systems,  it  should 
be  possible  to  evolve  design  rules  for  robot  systems. 
With  this  information  it  should  be  possible  to 
determine  some  of  the  techniques  used  in  integrated 
handling  automation,  and  provide  some  idea  of  the 
problems  and  considerations  when  using  these 
techniques. 
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1. Introduct i on 

As  the  VLSI  integration  scale  increases, 
it  becomes  increasingly  difficult  for 
process  engineers  to  design  VLSI 
manufacturing  process  flow  (recipe).  There 
are  two  reasons  for  this.  (1)  VLSI  process 
flow  has  become  so  complex  that  it  contains 
several  hundred  steps.  (2)  There  is  a  great 
amount  of  knowledge  in  VLSI  process 
technology  because  VLSIs  are  intrinsically 
very  sensitive  to  contamination,  and  because 
very  many  parameters  affect  processing 
results.  This  problem  is  especially  serious 
in  research  lines  and  ASIC  lines  where 
various  types  of  VLSIs  are  processed. 

To  solve  this  problem,  we  have  developed  a 
new  process  CAD  system.  a  rule-based 
diagnostic  system  for  VLSI  process  flow. 
This  system  assists  process  flow  design  by 
pointing  out  incorrect  or  questionable 
conditions  in  the  designed  process  flow.  We 
implemented  this  system  in  our  VLSI  research 
facility.  and  confirmed  that  it  increases 
the  efficiency  and  quality  of  process  flow 
des  i  gn. 

2.  VLSI  Process  knowledge 

VLSIs  are  intrinsically  very  sensitive  to 
contamination.  and  very  many  process 
parameters  affect  VLSI  structure  and 
characteristics.  Thus  there  is  a  great 
amount  of  knowledge  about  cleaning.  resist 
removal.  and  optimum  conditions.  Some 
examples  of  process  knowledge  are  listed  in 
Table  1.  If  Si  wafers  are  processed  under 
conditions  conflicting  with  process 
knowledge.  not  only  dose  the  targeted  VLSI 
become  impossible  to  manufacture.  but  the 
process  equipment  is  contaminated. 

Therefore.  until  now.  process  engineers 
have  made  great  effort  to  carefully  design 
and  check  process  flow  in  detail. 

3.  Diagnostic  Algorithm 

We  have  devised  a  diagnostic  algorithm  for 
VLSI  process  flow  in  order  to  correctly 
diagnose  various  types  of  process  flow 
(Fig  1).  In  this  algorithm,  process  flow  is 
diagnosed  by  applying  diagnostic  rules  to 
process  conditions,  and  to  the  Si  wafer 
state  which  is  simulated  from  process 
conditions  by  rule-based  simulation. 

Each  diagnostic  rule  corresponds  to  a 
piece  of  process  knowledge.  e.  g.  that  no 
contamination  should  be  brought  into 
furnaces. 

Wafer  state  means  what  materials  and  what 
kind  of  contamination  exist  on  the  Si  wafer, 
and  their  physical  and  chemical  properties. 
Wafer  state  is  expressed  in  LISP  association 
lists. 

To  diagnose  the  1-th  step.  the  diagnostic 
rules  are  first  applied  to  the  conditions  of 
tho  i  th  step.  the  Si  wafer  state  at  that 
step.  and  the  conditions  of  pr^^eding  and 


following  steps  if  necessary-  If  an 
erroneous  or  questionable  situation  is 
found.  the  system  outputs  an  appropriate 
warning  message  and  eliminates  the  error 
factor-  Then  the  change  in  wafer  state  by 
the  i  th  step  is  simulated  by  applying 
simulation  rules.  All  process  conditions 
are  diagnosed  by  repeating  this  process  from 
the  first  step  to  the  last  step.  A 

diagnosis  example  is  shown  in  Fig.  2. 

This  algorithm  diagnoses  various  types  of 
process  flow  such  as  CMOS  DRAM  and  SRAM, 
bipolar.  EEPROM.  and  experimental  f 1 ows 
highly  accurately- 

4.  Implementation 

We  implemented  this  system  as  part  of  the 
laboratory  automation  system  for  our  VLSI 
research  facility  as  shown  in  Fig-  3(a). 
This  diagnostic  system'  s  structure  is  shown 
in  Fig.  3(b)-  The  system  uses  LISP  on  a 
HITAC  M-680  computer.  The  system  has  about 
160  diagnostic  rules  and  about  50  simulation 
rules.  It  takes  only  40  s  CPU  time  to 
diagnose  typical  CMOS  DRAM  process  flow. 

5-  Results 

We  implemented  this  system  in  our  research 
facility  and  confirmed  that  it  increased  the 
efficiency  and  quality  of  process  flow 
des  i  gn. 

This  system  makes  process  flow  design  very 
easy  by  pointing  out  erroneous  conditions 
such  as  (1)  out-of -limit  or  unallowed 
conditions.  (2)  erroneous  process  sequence. 
(3)  conditions  causing  such  situations  as 
loading  of  contaminated  wafers  into  clean 

process  equipment.  and  (4)  nonop t i mum 

condii.^.s  to.  .see  Table 

1  )• 

Process  experts  have  checked  such  errors 
until  now.  Since  this  system  eliminates 
trivial  errors.  experts  can  now  check 

process  flow  from  a  higher  perspective. 
That  is.  they  can  evaluate  whether  the 

onditions  of  the  designed  process  flow  are 
opt imumm  to  fabricate  the  intended  VLSI.  In 
our  research  facility.  process  experts' 
comments  regarding  trivjaj  errors  at  the 
final  check  have  decreased  by  75%.  Comments 
regarding  optimum  conditions  increased, 
although  these  conditions  had  been 
overlooked  before.  Thus  this  system 
optimizes  process  flow  for  fabricating  the 
intended  VLSI 

This  system  is  also  very  effective  for 
informing  process  engineers  of  process 
knowledge. 

6.  Summary 

Wc  have  developed  a  new  process  CAD 

system,  a  rule  based  diagnostic  system  for 
VLSI  process  flow.  This  system  effectively 
increases  the  efficiency  and  quality  of 
process  flow  design 
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Table  1  Some  examples  of  process  knowledge 


Knowledge  about 

Comment  and  examples 

Allowed  conditions 

Upper  and  lover  limits  of  furnace  temperature 
Available  etching  gases 

Process  sequence 

Pre-  and  post-cleaning 

Allowed  process  sequence 

Contamination  and  impurity 

No  contamination  should  be  brought  into  clean 

etchant 

Heavy  metal  should  not  be  brought  into  clean 
furnace 

Optimum  conditions 

i 

for  other  conditions 

Recomended  combination  of  process  conditions 

ii 

for  wafer  state 

Relation  between  resist  state  (thickness, 
hardened,  baked  etc.)  and  removal  method 

Optimum  annealing  temperature  for  wafer  with  A1 

Hi 

for  intended  structure 

Optimum  photolithography  method  for  intended 
minimum  feature  size 

iv 

for  intended  characteristics 

Fig.  1  New  diagnostic  algorithm 
for  VLSI  process  flow 


No.  Step 

44  Lithography 
mask  =  A 
d  =  1  A*  m 

Wafer 

1-10,12 

45  Si,N«  etching 

1-10,12 

46  Ashing 

1 - 10,12 

47  Si  etching 

1-10 

48  Cleaning 

1-10 

42  Oxidation 

1-10,12 

I  Wafer  IT  state] 

5D  Hodei 

_ _ -((substance  resist)  (mask  A)  (d  D) 

—  ((substance  Si|/V4)) 


.((substance  resist) (mask  A) (d  1)) 
■((substance  Si>N4)(mask  A)) 


— -  ( (substanco  Si,N4)(mask  A) 

(contaminat ion  ashing))  —s - 

1  Diagnosis J  ^ 

- rule:  (cond  ((and  (eq  step  oxidation) 

(oq  contamination  ashing)) 
(put-message  "Ashed  wafer  ....”) 
(delete-contamination))) 

Fig.  2  An  example  of  process  flow  diagnosis 


[Wafer  state  simulation  I 
rule:  (cond  ((and  (eq  step  ashing) 

(eq  surface  resist)) 

-  (delete-layer) 

(add-contamination  ashing))) 


Diagnostic  Message  | 

"Ashed  wafer  should  not  be 
loaded  into  clean  furnace!" 


Feedback 


(a)  laboratory  automation  system 


Fig.  3  System  structure 
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Using  Simulators  to  Minimize  Transmitted 
Variability  in  1C  Manufacturing* 
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The  yield  of  VLSI  circuits  anil  hence  their  economic  viability 
often  depend  on  the  variability  of  certain  device  characteristics. 
Though  some  variability  is  unavoidable,  much  of  it-  is  transmit 
ted  to  the  device  characteristics  from  variability  in  the  process 
input  settings  about  their  design  values.  The  process  designer 
can  reduce  this  transmitted  variability  by  carefully  choosing 
the  design  values  for  the  input  settings.  An  expeiiineutal  ap¬ 
proach  to  finding  such  input  values  is  usually  too  expensive 
to  lie  feasible  and  too  slow  given  the  competitive  environment 
in  which  IC's  are  manufactured.  We  therefore  tutu  to  physi¬ 
cally  based  simulators,  in  this  case  PISCES  and  SUPREM*.  to 
model  the  steps  in  IC  fabrication  and  to  compute  the  device 
characteristics  as  a  function  of  the  inputs. 

Even  for  small  problems,  these  numerical  simulators  air  too 
slow  for  an  exhaustive  search  to  lx*  made.  Therefore  we  adopt 
the  approach  taken  by  Alvarez  et  al.  (1]  and  Aoki  et  at.  (2j. 
This  approach  is  to  run  the  simulator  at  the  points  of  a  statisti¬ 
cal  experimental  design,  and  to  fit  a  response  surface  model  for 
the  device  charactei jstirs.  Letting  X  represent  a  vector  of  in 
put  settings,  the  device  characteristics  are  a  vector  f{\ ).  The 
simulators  compute  a  function  jyf.Y )  based  on  physical  models. 
Running  the  simulator  we  find  y{  X, )  where  A’, . .  . ,  A',,  are  t he 
points  of  the  experiment aI  design.  We  then  ftt  a  response  snv 
face  model  h(X  )  to  these  values.  The  simulatnjs  air  designed 
so  that  ||/  -  «/j|  is  small  over  the  range  of  interesting  .Y  and  we 
choose  our  model  so  that  |j/i  -  </||  is  also  small. 

The  model  ♦/  !w,lps  to  find  input  settings  at  which  the  de- 
••id-  rharnrtcv.sf ics  j.je  urn:  M.eu  tnigets.  We  can  also  use  <j 
to  estimate  the  transmitted  variability.  As  X  vaiies  fioin  the 
design  values  Ai,.  the  device  rhaiactet istics  «leviate  fioin  their 
nominal  values  /(.Y„)  The  transmit  ted  variability  is  apptox 
illiately  V  f  1  i  {  X  )V  f .  Theiefoie  to  eilsUie  that  out  model 
of  tiansmitted  vaiiability  is  good  we  shoiihl  liave  || V/i  -  Vrj|| 
small  But  the  i espouse  sutface  models  h  ate  usually  lmv  or 
dei  polynomials  and  it  is  possible  for  J|/<  -  i/||  to  be  quite  small 
while  1] V /;  Xu\\  is  huge.  Theiefoie  using  the  giadient  of  the 
model  fi  as  the  model  for  the  gradient  can  be  misleading.  This 
«Uo  applies  when  the  giadient  is  used  implicitly  by  simulating 
the  distribution  of  A  and  finding  the  distribution  of  /if  A  ). 

Our  major  point  of  departure  from  [l|  and  [2j  is  to  make  di¬ 
rect  measiitenients  of  Vy  These  direct  ineasutements  allow 
us  to  impiove  mil  models  for  tiansmitted  vaiiability.  Per¬ 
haps  more  importantly  it  becomes  possible  to  assess  how 
amiiate  mil  model  giadieuts  are.  \\V  <  all  estimate  tiiat 
derivative  with  one  extra  simulation  at  each  design  point.  If 
vai(X)  -  diag(o,.  .  .  ,(72)  then  the  variance  transmitted  to 
fji  A  )  by  variability  in  A  is  appioximately 

f  f,(. V„  +  ha)  -  fjt.X,,))1  //>"* 

wlieie  A  0  is  small,  n  is  a  vector  of  input  sfandaid  deviations 
and  An  is  the  design  value  for  the  inputs. 

Once  models  lelating  the  intuit  pniameteis  to  the  device 
chat  ad  eristics  and  t  licit  variabifities  are  available  it  js  possible 
to  explme  the  i<*latiouships  and  Itadeoff  between  l](p  eharac 
(eristics  'I'll**  appioaeh  is  illustrated  on  Stanford's  2/<  CMOS 
process,  rile  live  ptocess  paiameleis  used  were:  hoion  con 
centratioii  in  the  wafer,  well  implant  dose,  threshold  adjust 
implant  dose,  gate  oxidation  temperature  and  drawn  channel 
length  The  drvite  characteristics  eousidered  were  threshold 
voltage,  lineat  Itatiscoiiduclance.  ami  salutation  ruttrnt 

The  expeiiineutal  design  used  was  a  vaiiation  on  the  central 
composite  design  (Box.  Hlllitei  ami  Huulei  J3J).  The  design 

*  I  lii«  io  >r  k  Uxs  I •»-•-»*  *.ii 


takes  43  points.  The  projection  of  the  design  onto  any  two 
variables  is  given  by  tin*  square  points  plotted  in  Figure  1 
The  points  used  to  obtain  t lie  directional  derivative  informa¬ 
tion  appear  in  Figure  1  as  asterixes.  The  total  simulation  effoit 
is  80  simulations,  including  file  43  simulations  used  to  obtain 
information  on  the  gradients.  SUPREM.  a  1-D  numerical  pro 
cess  simulator  and  PISCES,  a  2  D  device  simulator  arc  the 
simulators  used.  For  each  set  of  input  conditions,  10,000  to 
20.000  MicroVax  II  CPU  seconds  are  needed  to  complete  the 
simulation  of  the  three  desired  device  characteristics. 

One  of  the  device  characteristics  measured  was  the 

threshold  voltage  of  a  NMOS  transistor.  A  quadratic  model 
fit  to  the  values  by  least  -squares  ex  phoned  It2  =  99C  of 
the  observed  variability.  How  well  can  we  expect  the  model  to 
fit  at  points  other  than  the  ones  observed?  One  wav  to  assess 
this  is  by  cross-validation.  We  di op  one  point  and  fit  the  model 
to  the  other  42.  Using  that  model  we  predict  the  U,n  at  the 
dropped  point  ami  compare  it  to  the  value  measured.  Then 
we  put.  the  point  back  into  the  data  and  repeat  the  above  f* >i 
each  observation  in  turn.  When  the  sum  of  squared  eriois  iti 
R7  is  i eplaced  by  a  cross-validated  sum  of  squared  errors  the 
result  is  7?2n-  =  .971.  This  is  still  very  good.  If  UCn  is  really 
quadratic,  we  should  find  that  the  directional  derivative  of  \  b, 
in  any  direction  is  a  linear  function  of  the  inputs.  For  a  lin¬ 
ear  regression  fit  to  Vl'tn  we  found  R2  —  .07  and  Rfv  =  .07 
Therefore  the  best,  we  can  expect  from  the  directional  deriva¬ 
tive  of  a  quadratic  model  h  for  1  >*  that  it  would  explain 

about  57*/'  of  tl»e  variability  of  the  directional  derivative  of  ij. 
the  simulator  value  for  l*f„.  This  still  gives  some  idea  of  trail* 
mitted  vaiiability,  but  not  as  much  as  one  might  have  expected 
given  the  excellent  fit  of  the  simulator  U,„‘s  to  the  quadratic 
model.  Il  may  be  that  some  power  transformation  of  Uf„  is 
nearly  quadratic  in  the  inputs.  We  found  that  <ttV(  U,„  Ui!  fit 
n  liueni  model  with  Rfv  =  .77.  a  worthwhile  improvement  on 
.57.  The  quadratic  model  for  P,2*  fit  well  too,  with /?/•!  =  902. 

'1  he  lesson  that  emerges  is  that  it  can  be  much  more  difficult 
to  model  the  transmitted  variation  than  to  model  the  response 
value  itself.  Even  ati  extiemely  high  value  for  R 2  does  not  gnat 
autre  that  the  model  will  be  useful  for  modelling  transmitted 
variation.  This  applies  whether  one  simulates  the  distribution 
of  the  A 's  01  uses  the  derivative  approximation  above.  The  ie 
suits  for  models  fitted  to  other  output  chat  act  et  istics  ate  given 
in  Table  I 

To  explore  t lie  results  of  tills  model,  we  Convert  the  dliec 
tioual  derivative  models  to  variance  models  and  re -express  the 
variances  as  coefficients  of  variation  (standard  deviation  di 
vided  by  mean!.  VYe  now  have  C  response  functions  and  0 
coefficient  of  variation  (rv)  functions  defined  on  5  input  van 
ftbles.  To  ex i dole  the  relationships  among  these  17  quantities, 
we  evaluated  the  12  functions  at  5000  different  values  of  tin- 
input  vector  X.  The  points  were  chosen  using  a  rmuibet  thro 
retie  scheme  due  to  Korobov  (see  Stroud  [4] )  These  schemes 
fill  out  the  gaps  in  the  input  space  better  than  do  point*  of  a 
regular  grid. 

Figure  2  shows  the  rv  of  versus  for  the  5000  point*. 
R  is  clear  that  variability  in  one  of  these  quantities  can  l>e  min¬ 
imized  only  by  increasing  variability  in  the  other.  By  way  of 
contrast  the  cv's  of  q,„„  and  plotted  in  Figure  3  increase  <»» 
decrease  together.  YVe  isolated  those  points  with  small  values 
for  both  end  Figure  4  is  a  plot  of  the  threshold  ad 
just  implant  d*se  versus  the  channel  length  for  those  points  fm 
which  the  cv  of  both  and  was  l>elow  G*X .  The  impli 
cation  is  that  variability  in  the  is  reduced  l >v  raising  ou«* 
oi  both  of  these  quantities  from  the  values  list'd  in  the  .ruin 
point  of  the  design. 

References 

|l|  An  Alviiic/i-l  nl.  "Applii'altoii  uf  Statist  i<-;il  ll.-M^ii  \  li, 
spouse  Methods  to  Computet  Aided  VLSI  Device  Design’’ 
IEEE  Tmunarftnufi  on  Covijmtrr  Aidtd  Drmqn.  7l2»’>7l 
2S8.  February  198S. 

|2]  Y  Aoki  et  al  “A  New  Design  Centering  Methodology  fi'i 
Y  LSI  Device  Development"  IEEE  7V<iTi-«flrNm*  (You 
pntrr  Aulnl  DrMqn,  CAD  0(3)  452  401.  May  19X7 

I’M  (•  E  I*  Box,  \\  (,  Huulei ,  .1  S  Huulei  “Stnintii  *  fot  Ej 


H*,»» »»!••  t  !■)  MU’  ill. I  HAIU  A 


Abstract  No.  394 


Computer  Simulation  of  a  Microelectronics 
Laboratory 

Floyd  Miller 
Lehigh  University 

Sherman  Fairchild  Center  #161 
Bethlehem,  PA  18015 

Use  of  the  computer  graphics  capability 
combined  with  simple  mathematical  modeling 
allows  this  program  to  simulate  an  integrated 
circuit  processing  laboratory.  Available 
operations  include  oxidation,  diffusion,  CVD, 
lithography,  metallization,  mask  design,  etc. 
The  user  operates  the  simulated  equipment  in 
much  the  same  manner  as  would  be  required  in 
the  real  laboratory.  For  example,  when  doing 
an  oxidation  a  furnace  is  displayed  and  the 
operator  must  set  the  proper  temperature, 
ambient  and  time  of  the  oxidation.  As  an 
added  aid  the  operator  can  select  to  watch  a 
cross  section  of  the  wafer  as  the  oxide 
grows.  An  individual  can  experiment  with 
process  variables  without  the  time  and 
expense  of  a  laboratory  setting. 

Figure  1  shows  an  example  of  the 
graphics  used  to  run  an  oxidation  using  the 
computer  simulation.  FI,  F2  and  F3  represent 
computer  function  keys  and  are  used  to 
operate  the  laboratory.  For  example, 
different  ambiants  can  be  selected  by 
pressing  FI.  Selecting  F3  loads  the  wafers 
into  the  furnace  at  the  beginning  of  a  run. 
When  the  run  is  finished  F3  is  again  selected 
and  the  wafers  are  removed  from  the  furnace. 
F2  changes  the  temperature  of  the  furnace. 
The  time  display  will  indicate  the  length  of 
time  that  the  wafers  have  been  in  the 
furnace . 
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EQUIPMENT  MODELS  FOR  PROCESS  OPTIMIZATION 
AND  CONTROL  USING  SMART  RESPONSE  SURFACES 
Emanuel  Sachs 
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Massachusetts  Institute  of  Technology 
77  Massachusetts  Avenue 
Cambridge,  Massachusetts  02139 

Introduction 

An  equipment  model  is  a  tool  that  can  be  used  to  predict 
outputs  of  interest  from  a  manufacturing  process  and  related 
processing  equipment  given  information  about  the  inputs.  As 
shown  schematically  in  Figure  1 ,  there  are  two  classes  of  inputs. 
Process  parameters  are  those  inputs  over  which  direct  control  is 
exercised,  such  as  temperature,  pressure  and  flowrate. 
Disturbances  are  those  inputs  that  are  subject  to  unintended  and 
undesired  variations,  such  as  variations  in  the  properties  of 
incoming  raw  material  or  variations  in  the  process  parameters 
themselves.  Outputs  of  interest  would  typically  include  rates  and 
uniformities. 

There  are  two  fundamentally  different  approaches  to 
equipment  modeling;  mechanistically  based  models  and 
empirically  based  models.  Mechanistic  models  seek  to  make  pre¬ 
dictions  based  on  fundamental  physical  understanding.  Empirical 
models  are  most  effectively  constructed  using  the  methods  of 
statistical  design  of  experiments.  Two  suitable  methods  are 
Taguchi  orthogonal  array  [1,2]  and  factorial  design  and  response 
surface  analysis  (3, 4).  The  common  element  in  these  two  methods 
is  that  many  or  all  of  the  parameters  are  varied  simultaneously  in 
contrast  to  the  more  conventional  single  variable  experimental 
methods.  The  result  is  an  efficient  exploration  of  experimental 
space.  The  weakness  of  the  empirical  approaches  is  that  little  or  no 
advantage  is  gained  from  the  physical  understanding  of  the 
process.  For  example,  a  response  surface  is  a  least  squares  fit  of  a 
general  polynomial  (usually  a  quadratic)  to  the  data. 

The  purpose  of  this  work  is  to  fuse  basic  process  physics 
with  the  methods  of  experimental  design  and  thereby  construct 
response  surfaces  which  take  their  general  shape  from  the  physics 
and  are  calibrated  using  data  derived  by  design  of  experiments, 
resulting  in  a  "smart  response  surface". 

This  work  presents  the  construction  of  an  equipment  model 
for  the  LPCVD  of  polysilicon  in  a  horizontal  tube  furnace  with 
three  sites  of  silane  injection.  The  model  accepts  as  inputs  the 
temperature  at  three  thermocouple  positions,  tube  pressure,  wafer 
number,  size  and  location,  flowrates  through  three  injectors,  and 
position  of  the  injectors.  The  predicted  output  concerns  uniformity 
of  deposition  rate  down  the  length  of  the  wafer  load.  As  indicated 
schematically  in  Figure  2,  two  separate  paths  are  followed  through 
this  work.  The  first  path  involves  the  execution  of  a  series  of 
designed  experiments  and  the  optimization  of  the  process  from  that 
experimental  design.  The  parallel  path  involves  the  construction  of 
a  mechanistically  based  model  and  the  calibration  of  a  smart 
response  suriace  based  on  that  model  using  the  results  of  the 
designed  experiments.  The  model  is  then  used  to  optimize  the 
process  and  that  optimum  is  compared  with  the  experimentally 
determined  optimum. 

Experimental  Optimization 

A  nine  experiment  orthogonal  array  was  designed  to 
investigate  the  effect  of  four  parameters,  each  at  three  levels.  As 
shown  in  Figure  3,  the  four  parameters  of  interest  are  the  tube 
pressure,  two  of  the  three  injector  flowrates,  and  the  position  of  the 
source  end  injector.  Total  flowrate  into  the  system  was  maintained 
into  the  system  at  150  seem  for  all  experiments,  and  the 
temperature  was  fixed  at  625°  C  to  maintain  the  proper  grain  size. 

Figures  4  and  5  show  profiles  of  growth  rate  down  a  load  of 
150  six-inch  wafers  for  the  parameters  of  experiments  one  and 
nine.  These  figures  show  both  the  data  measured  and  the  model 
predictions  (to  be  discussed  below).  The  error  bars  arc  calculated 
from  the  results  of  five  replicate  runs.  As  can  be  seen,  the  two 
experiments  span  a  wide  range  of  performance  of  the  system. 


Experimental  results  were  used  to  preset  a  combination  of 
process  parameters  for  optimized  performance  by  first  calculating  a 
"signal  to  noise  ratio"  for  each  of  the  nine  experiments.  The  signal 
to  noise  ratio  is  basically  a  measure  of  the  ratio  of  the  mean  to  the 
standard  deviation  for  each  curve  [1).  The  average  signal  to  noise 
ratio  is  then  calculated  for  each  level  of  each  parameter  and  the 
parameter  level  which  gives  the  highest  signal  to  noise  ratio  is 
selected,  resulting  in  a  set  of  optimized  parameters  [1].  Figure  6 
shows  the  experimental  results  from  running  the  set  of  optimized 
parameters.  The  experimental  results  in  Figure  6  are  well  within 
the  specifications  of  the  equipment  vendor. 

Model  Construction  and  Calibration 

The  mechanistically  based  model  was  constructed  by  using 
order  of  magnitude  analysis  to  identify  the  important  features  of 
the  physics.  This  process  resulted  in  a  one-dimensional  finite 
difference  approximation  with  disk  and  annular  elements  stacked 
down  the  tube  length.  The  model  incorporates  convective  and 
diffusive  mass  transport  in  the  annular  space  between  the  wafers 
and  the  tube  walls,  and  models  the  chemical  reaction  as  being 
surface  rate  limited  and  dependant  on  local  concentrations  and 
temperature. 

The  model  incorporates  five  adjustable  coefficients  which 
stem  from  uncertainty  about  the  reaction  kinetics  and  the  nature  of 
the  mixing  of  the  injector  flow  into  the  annular  volume. 

The  five  adjustable  coefficients  were  calibrated  by  least 
squares  fit  to  the  nine  experimental  runs  resulting  in  the  model 
predictions  depicted  as  solid  lines  in  Figures  4  and  5.  As  may  be 
seen,  the  model  does  a  good  job  of  capturing  both  the  qualitative 
and  quantitative  nature  of  the  experimental  results. 

Optimization  from  the  Model 

The  calibrated  model  was  then  run  with  a  nonlinear 
optimization  program  in  order  to  predict  an  optimum  set  of 
operating  conditions  from  the  model.  This  procedure  incorporated 
the  addition  of  disturbances  (variations)  to  thirteen  of  the  model 
parameters,  thus  simulating  disturbances  that  would  take  place 
during  normal  operation.  The  parameters  found  by  optimization  of 
the  model  are  very  close  to  those  found  by  the  experimental 
optimization  procedure  described  above. 

Figure  6  shows  the  model  prediction  for  the  set  of 
parameters  selected  by  the  optimization  scheme  as  a  solid  line. 
The  dotted  line  is  the  model  prediction  for  the  parameters  found  by 
the  Taguchi  parameter  optimization. 

Conclusions 

An  equipment  model  of  the  LPCVD  of  polysilicon  has  been 
constructed  by  calibrating  a  mechanistically  based  model  using 
statistically  designed  experiments.  The  resulting  smart  response 
surface  equipment  model  has  been  used  to  optimize  the  operation 
of  the  process.  The  optimum  operating  parameters  predicted  by  the 
model  are  very  close  to  those  found  by  an  experimental  process 
parameter  optimization.  The  model  can  be  used  for  both  process 
optimization  and  control.  Minor  extensions  of  the  model  can  be 
used  to  examine  the  impact  of  equipment  design. 
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Figure  1.  Generic  Form  of  an  Equipment  Model 


Figure  2.  Flow  diagram  of  two  paths  to 
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Figure  4.  The  experimental  results  and 
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Figure  5.  The  experimental  results  and 
the  model  prediction  for  the 
ninth  experiment  of  the  array. 
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Figure  6.  The  experimental  and  predicted  results  for  the 
experimentally  determined  optimum  parameters 
and  the  predicted  optimum  performance. 
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The  net  working  rate  of  processing 
equipment  in  LSI  manufacturing  lines  is,  in 
general  ,  quite  low  due  to  the  large  amount  of 
time  required  for  maintenance  operations.  The 
cleaning  of  processing  chambers  to  remove  the 
deposited  materials  on  their  inner  surfaces 
constitutes  the  main  part  of  the  cleaning 
operation.  Since  such  cleaning  operations  are 
carried  out  manually  by  technicians  by 
opening  the  vacuum  chambers  each  time,  it 
takes  a  lot  of  time.  In  addition,  adsorption 
of  air  molecules,  especially  that  of  H20 
molecules  to  the  chamber  inner  surface 
severely  degrades  the  quality  of  processing 
to  be  done  with  the  equ  ipment  ( 1 ) .  Therefore 
it  is  essentially  important  to  develop 
ma  intenance-f ree  equipment  to  establish  high- 
performance  processing  needed  for  ULSI 
manufacturing  as  well  as  for  automated  IC 
manufacturing.  We  have  developed  a  novel 
surface  passivation  technology  for  stailess 
st  ee 1  (21  that  forms  highly  corrosion 
resistant  films  on  its  surface.  Since  the 
passivation  film  shows  excellent  anti¬ 
corrosion  characteristics  against  violent 
gases  like  Cl2,  HCl,  and  so  forth,  the 
deposited  materials  on  the  passivated 
stainless  steel  chamber  surfaces  are  aLle  lo 
be  removed  by  dry  etching  using  there  gases. 
Thus  the  automated  cleaning  operation  has 
become  possible  instead  of  manual  cleaning. 
Fu r t he r mor e , the  passivated  surface  exibits 
minimized  gas  molecule  adsorption  as  well  as 
outgas-free  character ist ics.  As  a  result, 
the  new  passivation  technology  has  shown 
large  impacts  not  only  on  processing  chambers 
but  also  on  a  number  of  components  made  of 
steinless  steel  such  as  gas  pipes,  gas 
components,  vacuum  components  and  so  forth  in 
order  to  realize  high  performance  processes. 

In  this  paper,  we  describe  the  Corn,  at  ion 
of  passivation  films  on  stainless  steel  by 
completely  mo i s tu re - f ree  thermal  oxidation 
and  the  characteristics  of  these  films.  Anti¬ 
corrosion  character ist ics  as  well  as  outgas 
character ist  ics  are  also  presented  in  this 
paper . 

0.5mm  thick  stainless  s tee  1 (S US  3  1  6L> 
plates  of  35mm  in  diameter  was  used  for 
ox  i  cJ  a  t  i  on  ex  pe  r  .(rents,  wh  i  ch  we  re  mirror- 
polished  on  one  sid-s  by  electro-chemical 
buffing.  Oxidation  was  carried  out  in  qualtz 
tube  furnace  at  4  00 -6  00  °C  usinq  dry  oxygon 
gas,  the  moisture  level  of  which  is  less  than 
lOppb.  F»rio  to  the  oxidation,  stainless  steel 
plate:;  were  r  leaned  in  NH  ^OH/I^O-  and  rinsed 
in  DI  wai'T.  After  HF  etching  of  native 
oxide,  PI  water  rinsing,  and  I  PA  (  f  sop  ropy  ! 
A  l  ■•■hr  1)  vapour  drying,  the  plates  were  put 
into  the  furnace  m  an  arqon  gas  ambient,  and 
i  li«'d  oxidized.  The  bilm  characteristics  wore 
an-iiy/ed  by  « ■  I  i  psomel  ry  and  ESCA  and  the 


outgas  char ac te r i s t  ic s  were  evaluated  using 
AP  I  MS (Atmosphe r ic  Pressure  Ionization  Mass 
Spectrometry) (3) . 

Table  1  shows  the  measured  thickness  and 
refraction  index  of  a  passivation  film  for 
various  oxidation  temperature  and  time.  The 
table  shows  the  thickness  of  the  passivation 
film  does  not  depend  on  the  oxidation  time 
below  500°C.  It  is  considered  that  formation 
of  the  passivation  film  at  this  temperature 
range  is  controlled  predominantly  by  the 
field  assisted  oxidation  mechan i s  m  (4 ).  Above 
550°C,  the  passivation  film  thickness 
increases  with  oxidation  time.  In  this  case, 
the  diffusion  of  oxygen  across  the  oxide  film 
to  the  film  growth  in  addition  to  the  field 
assisted  mechanism.  The  results  of  ESCA 
analysis  for  the  passivation  films  formed  at 
4 0 0 ° C  and  550°C,  are  shown  in  Figs  1(a)  and 
(b)  ,  respectively.  It  was  found  that  the 
predominant  compound  existing  on  the  surface 
of  the  passivation  film  formed  below  500°C  is 
Fe20^,  while  that  formed  at  550°C  or  above  is 
Cr 20^.  Table  2  summarizes  the  results  of 
corrosing  experiment  of  oxidized  samples  when 
dipped  in  the  35%  hydrochloric  acid  solution. 
It  took  longer  time  for  the  sample  passivated 
at  550°C  to  begin  to  evolve  hydrogen  gas. 
The  golden  color  of  the  film  by  interference 
did  not  disappear  untill  the  evolution 
occured.  Non  oxidized  samples  and  the  sarnies 
oxidized  without  m ir ror-pol ishinq  both 
generated  hydrogen  gas  immediately  after 
dipped.  The  passivation  films  as  thin  as  165A 
which  were  formed  by  oxidation  at  550°C  for  9 
hours  are  very  dense  films  having  no  pinhole 
difects.  Figure  2  shows  the  outgas 
charactpri st ics  from  the  inside  surface  of 
stainless  steel  tubes  which  were  passivated 
by  various  methods.  They  are  the  changes  with 
time  of  the  water  content  in  Ar  carrier  gas 
during  120  minutes  of  flow.  The  sample 
passivated  by  the  technology  (shown  by  solid 
circles)  shows  the  decrease  of  water  content 
to  2.5  ppb,  the  background  level,  in  10 
minutes  after  the  beginning  of  measurement. 
The  results  indicate  that  removal  of  water 
adsorbed  on  the  surface  is  qreatly  enhanced 
by  the  passivation  film  format  ion.  Table  3 
shows  the  measured  water  content  in  Ar 
carrier  gas  when  passed  through  various  kind 
of  tubes  which  were  kept  at  120°C,  200°C,  and 
300°C  for  one  hour(5).  It  is  obvious  from  the 
table  that  the  total  amount  of  water  released 
from  the  sample  (d)  passivated  using  the  new 
technology  is  smallest  of  all.  It  is 
conclused  that  the  complete  removal  of 
moisture  from  the  oxidizing  ambient  is 
essential  to  minimize  the  outgassing  from  the 
passivation  film. 

The  best  quality  of  passivation  film  on 
stainless  steel  surface  is  formed  by 
oxidizing  the  surface  using  completely 
moisture  free  oxgen,  at  temperature  above 
550°C  for  more  than  9  hours,  with  mirror 
polishing  of  the  stainless  steel  surface.  The 
film  is  consist,  e  d  of  a  dense  layer  of 
Cr2CK,  existing  at  the  surface,  and  ex  i  bit 
excellent  corrosion-resistance  as  well  as 
d  e gassing-free  characteristics.  These 
passivation  films  have  a  wide  range  of 
applicat ion  not  only  to  high  performance 
processing  equipments  but  also  to  a  number  of 
other  ultra  clean  qrade  components  such  as, 
process  chamber,  clean  cylinder,  gas  delivery 
system  and  the  like.  The  realization  of 
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maintenance  free  equipment  by  this 
passivation  technology  is  especially 
impartant  for  automated  IC  manufacturing. 

We  express  heartily  thanks  to  Kobe 
Steel,  Ltd.,  Motoyama  Eng.  Works.  Ltd.,  Ultra 
Finish  Technology  Co.,  Ltd.  as  well  as  to 
peoples  in  Ohmi's  laboratory,  the  Faculty  of 
Engineering,  Tohoku  University.  This  study 
was  done  in  the  Super  Clean  Room  in 
Laboratory  for  Microelecturnics,  Research 
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Snnple 

Flla  Thlckneu 

(A) 

Octal t 

non-oxidlied 

7 

Gnn  evolution  occured  lanedlnuly  nfter  dipping 

400C.  4hf 

110 

Interference  color  (gold)  dljnppered  ImedUuty  nfter 
Insertion:  |u  evolution  nfter  nbout  10  ■(note* 

HOC.  4hr 

114 

The  me  u  nbovo 

HOC.  4fcr 

140 

Tbc  nine  u  nbove 

HOC.  Ohr 

1M 

Gin  evolution  nfter  nbout  49  nluutee 

♦OOC.  4hr 

ISO 

Gni  evolution  nfter  nboit  M  ■inatet 

580 


Table  3  Impurity  concentrat ion  in  argon  gas 
passed  through  various  kind  of  tubes. 


(b)  S  U  S  3  1  6  L  -  E  C  B  -  5  5  0  r  -  9  H  r 

Fig.  1  Chemical  composition  of  passivation 
film  in  various  oxidation  conditions. 


Fig.  2  Time  dependence  of  water  concent,  i  a  r  ion 
in  argon  gas  passed  through  passivated 
tube  at  2  5  °C . 
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In  IC  manufacturing.  It  Is  most  efficient 
to  make  Local  area  surrounding  wafers 
clean.  Then  we  need  the  technique  to  clean 
small  area  using  compact  cleaning  devices. 

In  1984.  we  made  a  concept  to  clean  only 
Inner  area  of  a  wafer  carrier  by 
continuous  air  flow  using  a  compact 
cleaning  device.  In  1986.  we  made  first 
prototype  that  structure  was  a  wafer 
carrier  which  had  a  small  cleaning  device. 
Including  a  secondary  battery  as  a  power 
source.  a  motor  fan,  and  an  air  filter 
CULPA  filter),  and  a  storing  chamber 
directly  connected  to  the  air  cleaning 
device  for  storing  the  wafers.  Total  size 
and  weight  were  under  1.5  times  of  a 
standard  plastic  carrier. 

In  an  environment  of  over  class 
1.000.000.  the  wafer  carrier  was  placed 
and  the  motor  fan  was  operated.  After  30 
seconds  operation,  the  resulted  cleanness 
Inside  the  wafer  carrier  was  below  3 
CO.lmlcron  class).  This  means  that  the 
number  of  particles  larger  than  0.1  micron 
contained  In  the  wafer  carrier  was  below 
1.  CThe  volume  of  the  6  Inches  wafer 
carrier  is  approximately  0.1  cubic  feet) 


The  wafer  carrier  with  compact  cleaning 
device  could  not  be  loaded  onto  almost  all 
the  station  of  process  equipments  without 
reconstruction  of  Interface  mechanism, 
because  the  standard  Interface  of  process 
equipments  were  made  for  only  the  motion 
of  standard  wafer  carriers.  To  break  the 
problem,  we  designed  a  mechanism  which  had 
a  same  efficiency  of  cleanliness  as  the 
original  wafer  carrier  with  a  compact 
cleaning  device  and  could  be  loaded  onto 
the  station  of  process  equipments  without 
any  reconstruction. 

In  1987.  we  made  a  first  prototype  of 
this  concept.  That  was  a  compact  air 
shower  box  (AS-BOX) ,  which  holded  a 
standard  wafer  carrier  while  transporting 
and  freed  the  wafer  carrier  when  It  was  on 
the  station  of  process  equipment.  The  size 
and  weight  of  AS-BOX  were  almost  same  as 
them  of  the  original  wafer  carrier  with  a 
compact  cleaning  device. 

By  the  concept  of  AS-BOX.  we  will  be  able 
to  manufacture  high  quality  ICs  In  a  low 
level  clean  room  or  absolutely  not  In  the 
clean  room.  We  estimated  the  possibility 
and  utility  of  this  concept  by  use  of  the 
prototype  of  AS-BOX  In  our  laboratory. 


25  silicon  wafers  <6  Inches  diameter) 
were  stored  In  that  wofer  carrier  and  the 
same  number  of  the  wafers  In  a  standard 
plastic  carrier  at  the  some  time,  for  72 
hours.  In  a  clean  room  of  class  1.000 
where  operators  were  working.  The  number 
of  the  particles  with  sl2es  larger  than 
0.2  micron,  attached  to  surface  of  the 
wafers,  were  measured.  The  Incleese  In  the 
number  of  the  particles  after  72  hours, 
was  16  per  wafer  In  average  for  the  new 
wafer  caerler.  and  1600  for  the  standard 
wafer  carrier. 
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A  novel  Chemical  Vapor  Deposition  (CVD) 
system  with  self-cleaning  function  which  is 
characterized  by  no  deposition  of  the 
reaction  by-products  on  the  chamber  inner 
surface  has  been  developed  for  the  automation 
of  LSI  manufacturing  in  the  future.  In  this 
system,  the  film  formation  is  performed  by 
the  surface  reaction  without  the  vapor  phase 
reaction,  which  is  realized  by  using  a  free- 
jet  molecular-flow  gas  supply  into  the  ultra- 
high  vacuum  chamber,  resulting  in  expelling 
the  manual  cleaning  of  by-products  deposited 
on  the  chamber  inner  surface.  The  high-rate 
(0.8  Ajm/min)  film  formation  of  epitaxial  Si 
has  been  also  achieved  at  temperatures  as  low 
as  700°C. 

In  order  to  control  the  CVD  process  in 
the  LSI  manufacturing  automatically,  it  is 
indispensable  to  maintain  the  cleanliness  of 
the  reaction  environment  in  the  chamber.  In 
the  conventional  CVD  system  which  is  widely 
employed  for  the  formation  of  various  films, 
the  source  gas  flows  the  whole  react  ion 
chamber  at  a  viscous  flow.  The  viscous-flow 
gas  supply  essentially  accompanies  the  vapor 
phase  reactions  of  source  gas  mo lecu les ( 1 ) . 
The  vapor  phase  reaction  results  in  the 
creation  of  m icropar t icles  and  the  deposition 
of  a  large  amount  of  the  chemical  by-products 
on  the  chamber  inner  surface.  The  by-products 
deposited  on  the  chamber  surface  act  as 
contam inat ion  sources  in  the  film  formation 
process  while  fabricating  LSI  devices.  The 
ceaceless  manual  cleaning  to  eliminate  the 
by-products  from  the  chamber  inner  surface 
has  been  really  carried  out  in  the  LSI 
production  line.  This  cleaning  procedure 
causes  the  frequent  suspending  of  the  machine 
operation  and  the  degradation  of  the 
environment  cleaniness  in  the  chamber. 
Because  the  chamber  inner  surface  is 
contaminated  by  air;  particularly  moisture 
molecules  whenever  the  cleaning  procedure  is 
carried  out.  Thus,  it  is  very  difficult,  in 
these  conventional  CVD  system  to  con! rol  the 
chemical  reaction  automatically,  because  the 
film  formation  mechanism  inevitably  includes 
the  process  contaminating  the  reaction 
environment.  In  this  paper,  we  di scribe  a 
novel  CVD  system  using  a  free-jet  molecular 
flow,  which  has  the  cleani ng-f ree  function  to 
keep  the  cleanliness  in  the  reaction  chamber 
at  all  t imes. 

The  schematic  diagram  of  the  newly 
developed  film  formation  system (2)  is 
illustrated  in  Fiq.l.  The  inner  surface  of 
the  stainless  steel  chamber  is  coated  with  an 
anticorrosive  T  i  N  layer.  In  order  to 
eliminate  the  impurities  in  the  reaction 
chamber,  the  chamber  is  always  pumped  down 


with  a  turbo  molecular  pump  (200  0  J/s)  to  the 
pressures  of  less  than  5  x  10  °Torr  even 
during  the  heating  of  the  substrate.  An  ultra 
pure  source  gas  (Si-H,)  filled  in  an  ultra¬ 
clean  cylinder  was  supplied  into  the  chamber 
through  the  ultra-clean  gas  delivering 
system ( 3)  .  The  source  gas  was  directry 
introduced  only  onto  the  substrate  surface 
with  high  velocity  through  the  gas  nozzle 
having  a  diameter  of  50  um,  for  suppressing 
the  thermal  convection  even  when  the 
substrate  temperature  is  raised  up.  The 
pressures  near  the  _chamber  inner  surface  was 
approximately  10  JTorr  during  the  film 
formation.  The  Si  substrate  was 
preferentially  heated  by  the  irradiation  with 
the  collimated  light  of  a  xenon  lamp.  The 
chemically -cleaned  and  dried  Si  substrate 
having  a  diameter  of  50  mm  was  set  flat  on 
the  susceptor  in  the  reaction  chamber  by  the 
loadlock  system  with  e  lect rostat  ic  wafer 
chuck(4),  which  was  utilized  so  as  to  prevent 
the  contamination  of  the  reaction  chamber  by 
the  impurities  in  air  during  the 
transportation  of  the  wafer. 

Figures  2  and  3  show  the  flow  rate 
dependence  of  the  film  growth  rate  of 
epitaxial  Si  on  p—  (100)  Si  and  pol ycrysta 1 i ne 
Si  on  SiO^  (100nm)/p- (100  )Si  for  the  substrate 
temperatures  as  a  parameter.  High-rate  film 
formation  (0.8  -um/min  or  higher)  of  the 
epitaxial  Si  on  the  Si  substrate  has  been 
achieved  at  temperatures  as  low  as  700°C  for 
Si_H,  flow  rate  of  100  seem.  The  reflective 
electron  diffraction  pattern  indicates  that 
the  epitaxial  Si  layer  posseses  a  high 
crystaloqraphic  perfection  (see  Fig. 4).  The 
film  formation  was  concentrated  on  the 
substrate  surface  and  on  the  heating 
susceptor  surface. 

It  is  concluded  from  these  results  that 
the  film  formation  in  this  system  is 
dominated  by  the  surface  reaction  without 
accompanying  the  vapor  phase  reaction,  which 
is  realized  by  supplying  the  source  gas  only 
onto  the  heating  substrate  into  ultra  high 
vacuums  at  a  free-jet  molecular  flow.  Ana 
the  ultra-high  vacuum  system  enable  to 
eliminate  by-products  from  the  substrate 
surface  immediately,  resulting  i,»  the  high- 
rate  and  high-quality  film  formation.  The 
single  wafer  processing  machine  which  forms 
the  film  with  a  qood  uniform  thickness  on  the 
wafer  having  a  largo  diametei  can  be  realized 
by  applications  of  these  technologies,  *  h  i  s 
system  has  gotten  the  Eoaturr?.*  f  hat  the 
cleaning  proredui  e  o p e n  i  n q  t  h e  r e a  c  t  i  o r. 
chamber  is  not  necessary  and  that  t  he 
reaction  environment  is  ridded  of  the 
contamination,  resulting  from  that  the  by¬ 
products  deposition  on  the  chamber  inner 
surface  is  prevented  due  to  s  u  p  p  r  e  s  sing  t  h  i  ’ 
vapor  phase  reaction  of  the  source  gas 
extremely,  the  periodical  se  1  f -c 1 e a n i no 
function  equipped  both  by  using  the  chamber 
and  ♦'hr  *  -Ling  system  of  which  the  inner 
surfaces  are  passivated  by  the  ultra  dean 
oxidation(S)  and  by  usmq  etching  qasi  s  such 
as  C 1  2  and  H  C 1  ,  will  complete  the 
performances  for  the  automatic  l,s  1 
manuf  act  ur l ng . 

Tills  study  was  performed  ;  n  the  sup*-r 
('lean  Room  in  Laboratory  of  Mi  t  oe  1  r-  t  ionics, 
R  e  !i  e  r  r  h  Inst  i  I  u  t  e  of  Id  o  e  t  r  i  ,J  i 
Communieat  ton,  Tohoku  t'niv>  i  •  ity. 
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Fiq.l  Film  formation  system. 
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Fig. 3  Flow  rate  dependence  of  film  growth 
rate  of  polycrystal ine  Si  on  S i02/ p- ( 1 00 ) S  i 
for  the  substrate  temperatures  as  a  prameter. 


Fig. 4  Reflective  electron  diffraction 
pattern  of  epitaxial  Si  layer  formed  at  700°C 


Fig. 2  Flow  rate  dependence  of  film  growth 
rate  of  epitaxitial  Si  on  p-(100)  Si  for  the 
substrate  temperatures  as  a  parameter. 
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INTRODUCTION:  One  potential  means  of  increasing 
productivity  and  creativity,  as  well  as  cutting  the  basic 
costs  of  producing  semiconductor  devices,  is  to  eliminate 
the  need  for  cleanrooms.  This  paper  describes  the  resu'  s 
obtained  in  a  project  established  to  demonstrate  the 
feasibility  of  processing  wafers  in  an  open  area  (i.e.,  a 
typical  office  environment)  while  maintaining  a  defect 
density  equivalent  to  that  obtained  in  a  cleanroom. 
Results  are  presented  that  were  generated  using 
Standard  Mechanical  Interface  (SMIF)  and  isolation 
technology  with  a  standard  photolithography  equipment 
module. 

BACKGROUND:  Since  Hewlett-Packard  first  published 
their  SMIF  ideas  many  companies  have  investigated  this 
concept  as  a  means  to  improve  the  conventional 
cleanroom  environment.  The  Open  Area  SMIFJsolation 
Site  (OASIS)  project1  J  was  initiated  at  National 
Semiconductor  Research  to  investigate  the  advantages 
and  problems  associated  with  eliminating  the  need  for 
using  a  cleanroom.  While  References  1  and  2  describe 
the  motivation,  goals/objectives,  and  experiences 
obtained  in  establishing  the  OASIS  facility,  the  resulting 
experimental  data  and  conclusions  will  be  presented  in 
this  paper. 

Photolithography  Equipment  Madula:  The  separate 
pieces  of  process  equipment  used  in  the  OASIS  room  for 
this  comparison  study  consisted  of  a  vacuum  prime  oven, 
coat  bake/develop  bake  track  and  a  10X  stepper.  Other 
major  pieces  of  SMIFed  equipment  are  for  inspection/CD 
measurement  and  surface  particle  counting.  With  the 
exception  of  the  inspection/CD  measurement  equipment, 
all  the  equipment  was  re-engineered,  cleaned  and 
modified  to  improve  airflow  patterns  inside  the  enclosures 
before  canopies  were  added. 

Evaluation  Techniques:  Four  techniques  were  used  to 
evaluate  the  quality  of  the  photolithographic  operations 
conducted  on  the  OASIS  line:  airflow  visualization  tests, 
airborne  particle  counts  inside  equipment  canopies, 
measurement  of  the  number  of  particles  added  to  the 
wafers  during  processing,  and  electrical  measurement  of 
a  series  of  passive  test  structures. 

1.  Airflow  Visualization  Tests.  Before  the  equipment 
canopies  were  designed  and  major  changes  made  in  the 
equipment  airflow,  visualization  studies  were  conducted 
to  understand  the  existing  flow  patterns.  Tests  were 
repeated  after  the  equipment  changes  to  check  the 
results. 

2.  Airborne  Particulates.  Airborne  particle  measurements 
were  conducted  with  optical  particle  counters. 
Additionally,  the  particulate  levels  in  each  piece  of 
SMIFed  equipment  were  continuously  monitored  and 
displayed  using  an  automated  central  sampling  system. 

3.  Particles  Added.  Measurements  of  the  particles  added 
to  the  wafer  during  each  processing  step  or  PWP 
(particles  per  wafer)  were  performed  on  bare  silicon  using 
a  laser  surface  particle  counter. 

4.  Electrical  Measurement.  An  Electrical  test  structure  was 


used  which  contains  sets  of  patterns  and  line  widths 
designed  to  maximize  the  ability  of  the  structure  to  capture 
defects  over  a  range  of  defect  densities.  The  test  chip, 
shown  in  Figure  f ,  was  also  designed  to  minimize  testing 
errors. 

Experimental  Phases:  The  experiments  involved  several 
basic  phases.  In  the  first  phase,  the  mechanical 
functionality  of  each  piece  of  equipment  was  checked  and 
detailed  operating  procedures  were  developed. 

The  second  phase  involved  qualification  of  the 
photolithographic  equipment  and  processes.  This  was  a 
particularly  sensitive  and  difficult  task  because  the 
equipment  was  old  (first  generation)  and  the  process  was 
current  technology. 

Visualization  tests,  airborne  particle  counts  and  PWP 
measurements  formed  the  third  phase  of  experiments. 

In  the  fourth  phase,  a  comparative  study  between 
cleanrooms  and  the  OASIS  line  was  made.  The 
experiments  consisted  of  processing  parallel  lots  of 
wafers  in  the  cleanrooms  and  in  the  OASIS  facility.  Figure 
2  shows  the  processing  steps  used  for  fabrication  of  the 
defect-sensitive  electrical  test  structure,  which  requires 
one  masking  level.  The  process  sequence  involves 
oxidation  and  metallization,  followed  by  lithography 
(prime,  spin,  expose,  develop,  Inspect),  and  ends  with 
metal  etch,  strip,  and  electrical  test.  Comparisons  were 
made  only  for  the  lithography  portion  of  the  process  flow. 

Data  Analysis  Techniques:  Several  Methods  were  used 
to  analyze  and  screen  the  electrical  data.  First,  wafer 
maps  showing  test  structure  defects  were  generated 
These  wafer  maps  were  used  to  eliminate  systematic 
defects  (using  algorithms,  optical  and  SEM  microscopy, 
etc.).  The  remaining  defacts  were  verified  for 
randomness  using  statistical  techniques.  Test  structure 
yields  for  the  known  areas  were  then  used  to  calculate 
defect  densities  using  standard  yield  models. 

RESULTS:  Prior  to  processing  the  lots  of  25  wafers  for 
comparison  of  the  electrical  data,  PWP  data  were 
generated.  Results  were  obtained  prior  to  any  clean-up 
and  at  subsequent  intervals  after  that  time.  As  expected, 
dramatic  order  of  magnitude  improvements  were  made  as 
a  result  of  being  able  to  monitor  and  control  each 
enclosure. 

Other  results  that  were  obtained  during  the 
preparation  period  show  the  times  required  to  clean-up 
the  equipment  after  a  significant  repair  has  been  made 
and  the  enclosure  has  been  exposed  to  the  open  OASIS 
environment. 

Electrical  test  results  were  generated  from  the  wafers 
that  were  processed  cn  the  OASIS  line  and  in  the  other 
fabs.  Results  will  be  presented  which  show  comparisons 
from  an  initial  phase  where  preliminary  OASIS  results 
(yield  and  defect  densities)  were  compared  to  two  working 
fabs  and  for  the  final  phase  experiment  where  OASIS  was 
cleaned  and  fully  characterized  prior  to  similar 
comparisons. 

SUMMARY 

One  of  the  prime  reasons  for  conducting  the  OASIS 
investigation  was  to  challenge  whether  or  not  cleanrooms 
and  their  associated  costs  and  hostile  working 
environment  are  really  necessary.  While  one  OASIS 
lithography  module  cannot  be  extrapolated  to  make 
conclusions  about  a  complete  manufacturing  line,  the 
results  obtained  to  date  indicate  that  no  difficult 
technology  is  required  whick  would  preclude  such  an 
584  event. 
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Figure  1 .  OASIS  Test  Chip 
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INTRODUCTION 

The  application  of  Surface  fchoto  Voltage 
(SPV)  to  monitor  the  presence  of  heavy  metal 
contamination  in  oxidation  furnaces  has  been 
investigated .  SPV  has  also  been  used  to 
monitor  the  reproducibility  of  denuded  zone 
formation  in  internally  gettered  wafers 
during  CMOS  and  bipolar  processing.  Until 
now,  +*he  denuded  zone  depth  has  been 
typically  monitored  by  etching  of  cleaved  or 
angle  lapped  silicon  wafers.  The  SPV  method 
is  non-destructive,  does  not  require  any 
additional  sample  preparation  (test 
structures),  and  provides  information  very 
quickly.  Therefore  this  approach  is 
attractive  for  QC  monitoring  of  the  denuded 
zone  and  heavy  metal  contamination  during  IC 
processing. 

EXPERIMENTAL 

Heavy  meld  contamination  in  oxidation 
furnaces  was  monitored  using  100  mm  in  dia. 
float-zone  n-  or  p-  type,  10-20  Q-cm  silicon 
wafers.  For  CMOS  and  bipolar  devices  standard 
CZ  wafers  were  purchased  from  three  different 
manufacturers  (100mm  Dia.  1-5  fl-cm)  with  15- 
17  PPM  of  interstitial  oxygen.  The  oxygen 
precipitation  kinetics  of  internally  gettered 
wafers  was  optimized  to  give  the  most 
efficient  internal  gettering  during  CMOS 
processing  (1) .  The  diffusion  length  and  the 
interstitial  oxygen  concentration  of  the 
control  wafers  were  measured  after  various 
processing  steps  by  SPV  and  Fourier 
spectroscopy,  respectively,  in  the  control 
wafers.  These  wafers  did  not  go  through  photo 
steps  and  did  not  receive  any  implantation  or 
diffusion.  Otherwise  they  were  processed 
identically  to  product  wafers.  A  number  of 
samples  were  removed  after  each  processing 
step.  They  were  cleaved  and  etched  to  reveal 
the  precipitates  and  the  denuded  zone. 

EXPERIMENTAL  RESULTS 

Figure  1  shows  the  relationship  between 
normalized  yield  of  C2L  circuits  and  heavy 
metal  contamination  level  in  the  field  oxide 
furnace.  A  significant  reduction  in 
normalized  yield  took  place  two  weeks  after  a 
large  reduction  in  the  diffusion  length 
values  was  observed.  Wright  etching  of 
silicon  wafers  with  low  diffusion  lengths 
(<20nm)  revealed  a  large  number  of  stacking 
faults.  These  defects,  which  were  associated 
with  leakage  and  yield  decrease,  were  not 


observed  in  wafers  with  higher  values  of 
diffusion  length  (>60)im)  .  Heavy  metals  from  a 
contaminated  field  oxide  furnace  caused 
stacking  fault  nucleation  and  decoration  in 
these  wafers.  A  similar  relationship  was  also 
observed  during  the  bipolar  process.  A 
substantial  reduction  of  yield  caused  by  an 
increase  in  leakage  was  related  to  heavy 
metals  introduced  during  epitaxial  growth 
(Fig.  2).  The  heavy  metal  contamination 
during  epi  growth  was  not  high  enough  to 
cause  haze  in  the  epi,  but  the  SPV 
measurements  were  able  to  reveal  the  presence 
of  these  contaminations. 

Diffusion  length  measurements  for 
internally  gettered  and  float  zone  wafers 
using  the  constant  signal  photovoltage  method 
are  shown  in  Figs.  3a  and  3b.  A  linear 
dependence  between  the  light  intensity  and 
the  reciprocal  of  absorption  coefficient  is 
observed  for  float-zone  wafers.  Two  separate 
regions  are  visible  for  short  and  long 
wavelengths  in  the  internally  gettered 
wafers.  For  the  short  wavelengths  most  of  the 
minority  carriers  are  generated  in  the 
denuded  zone  and  reach  to  the  surface.  Bulk 
recombination  in  the  denuded  zone  is  much 
slower  than  interfacial  recombination  at  the 
oxygen  precipitates,  and  therefore  the 
diffusion  length  of  the  minority  carriers 
generated  in  the  denuded  zone  is  controlled 
by  the  denuded  zone  depth  for  these 
wavelengths.  The  intersection  of  this  line 
with  the  "x"  axis  corresponds  to  the  depth 
of  the  denuded  zone.  The  dependence  for  the 
longer  wavelengths  is  not  yet  clear,  but  it 
is  believed  to  be  influenced  by  the  bulk 
precipitate  density.  At  low  bulk  precipitate 
densities  the  long  wavelength  dependence  is 
sublinear,  whereas  it  is  superlinear  with  the 
high  oxygen  precipitate  density  (Fig.  3b). 
The  denuded  zone  depth,  and  the  bulk 
precipitate  densities  (as  revealed  by  etching 
of  cleaved  wafers)  are  listed  along  with  the 
diffusion  length  measured  by  SPV  (Table  1). 
It  seems  that  the  wafers  with  the  highest 
oxygen  precipitate  densities  have  a 
conversion  factor  close  to  two,  whereas  in 
wafers  with  the  lower  precipitate  density 
this  factor  is  one.  The  conversion  factor  is 
defined  as  a  ratio  between  the  denuded  zone 
depth  and  the  diffusion  length.  This  is 
consistent  with  theoretical  predictions  (2). 
SPV  was  able  to  reveal  the  initial  stages  of 
the  oxygen  precipitation  which  could  not  be 
detected  by  IR  absorption.  Therefore,  during 
annealing,  SPV  measurements  wert  more 
sensitive  to  the  formation  of  oxygen 
precipitates  than  IR  absorption.  When  the 
diffusion  length  reaches  a  value  which  does 
not  change  any  further  with  subsequent  heat 
treatment,  its  value  corresponds  to  the  depth 
of  the  denuded  zone  formed. 

CONCLUSION 

Good  correlation  was  established  between 
yield  degradation  and  an  increase  in  the 
heavy  metal  contamination  level,  as  monitored 
by  SPV  during  CMOS  and  bipolar  processing. 
Since  the  measurements  are  carried  out 
without  any  additional  preparation,  they  can 
provide  recovery  lifetime  information  more 
rapidly  than  any  other  technique.  Since  a 
relationship  exists  between  the  values  of 
diffusion  length  and  the  denuded  zone  depth 
in  the  wafer  with  the  well  developed  denuded 
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1 . Introduction 

Foreign  natters  in  IC  puie  .  .\r  *  mfered  te 
make  a  great  influence  to  a  quality  of  SiO,  film 
formed  on  a  wafer.  So  that,  It  is  important  to  get 
correct  datas  on  a  quality  of  water  on  real  tine,  the 
water  quality  is  generally  evaluated  with  five  items 
of  specific  conductivity,  TOC  and  so  on. 

Others  than  specific  conductivity  are  gauged  in 
off-line.  Moreover,  The  value  for  each  item  required 
for  IC  manufar '.tire  has  almost  been  beyond  the  limit 
In  gauging.  Then,  we  ptanned  to  deve.lop  a  new  on- 
lined  method  which  could  more  directly  evaluate  an 
influence  given  by  foreign  mailers  to  the  quality 
of  film. 

2.PrieipIe  and  apparatus  of  a  new  method. 

Figure  1  shows  a  schematic  diagram  of  apparatus. 

After  gauging  a  air  flow  rale,  Filtrating  gels 
clean  air  out  of  dust  of  O.lum  over  in  si/e.  The 
water  is  atomized  into  fine  droplets  with  a  nozzle 
driven  with  the  clean  air  heated  to  70  t! .  Fn/h 
droplet  immediately  and  completely  vapourize  itself 
and  makes  into  a  fine  particle  suspeding  in  the  nir 
flow. 

It  is  made  from  the  foreigners  dried  up.  A  total 
volume  of  particles  is  calculated  on  the  next 
equation  from  the  number  and  diameter  of  them  gauged 
by  n  laser  particle  counter  which  ran  he  measured  to 
O.lum  in  diameter. 

v  ^O.frtTfi  •  f  -  a  x|0  "  |  h'-I  .rt  h-|»)HI» 
y  '  I  twin 

Their  shape  and  size  is  observed  by  SFM  too.  The 
water  is  fended  by  a  feed  system  which  is  paid  the 
greatest  attention  to  it  never  to  give  any  contami¬ 
nation  to  the  water. 

.1.  Faprr I menta  1  results 

Their  shape  Is  sphere  of  0.0S  to  1  urn  in  diameter. 

As  the  concentration  of  foreigners  gets  lower.  The 
diameter  gets  smaller.  Fig. 2  shows  the  relefion 
between  q  concentration  and  a  total  volume.  The  limit 
of  a  laser  counter  in  gauging  makes  it  wider  the 
d  I  f  fernce  between  a  calculated  line  and  experimental 
results  In  i  align  of  1000  ppm  below. 

So  that,  Thp  development  is  on  basis  of  the 

line  experimentally  got.  Some  .-tper  i  men  I  s  for  If.  pure 
water  are  made  to  r  'rtify  the  relation  between 


results  gauged  with  tho  new  method  and  those  with 
conventional  one9.  Fig. 3  shows  it's  result.  The 
concentration  of  inorgonics  is  calculated  from  the 
value  of  specific  conductivity.  The  limit  of  each 
conventional  method  in  gauging  makes  each  line  for 
them  deviate  from  it*s  results  gained  In  range  of 
higher  concentration.  The  result  of  the  new  method 
makes  a  good  coincidence  with  the  result  added  each 
result  of  inorganics,  organics  and  SiO,. 

4.  Field  test  result 

The  method  is  made  a  test  in  a  real  water  system. 

It  ran  clearly  sence  the  change  of  water  quality 
given  by  each  water  treotment. 

5.  Conclusion 

1)  Development  of  the  new  on-lined  method  makes 
it  possible  to  gauge  the  water  quality  of  IC 
pure  water 

2)  H  ran  evaluate  the  total  quantity  of 
foreigners  in  water 

3)  The  value  gauged  has  a  good  coincidence  with 
result  added  inorganics,  organics  and  SiO* 
which  is  measured  by  each  present  methods 
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Fundamental  to  the  pursuit  of  Computer  Integrated 
Semiconductor  Manufacturing  is  the  realization  uf  a 
“To  Be**  enterprise  model  or  architecture,  a  vision 
that  continuously  evolves  but  is  always  aligned  to 
the  fundamental  design  criteria  of  a  distributed- 
networked  virtural  system.  Implementation  of  this 
architecture  provides  a  persistent  distinct 
competitive  advantage  through  the  utilization  of 
the  most  accurate  and  competent  manufacturing 
resource:  The  knowledge  hase  of  the  factory 
floor. 

The  strategic  objective  the  enterprise  model 
achieves  is  the  on-time  delivery  of  perfect 
quality  product..  The  enterprise  model  is 
comprised  of  two  general  models  supporting 
capacity  driven  logistics  and  process 
characterization/control .  These  two 
general  models  are  tightly  coupled  enabling  the 
enterprise  architecture  to  control  the  execution  of 
processing,  in  addition  to  providing  an  optimum 
plan  and  schedule.  These  models  are  driven  by 
knowledge  data  bases  which  custom  tune  the  models  to 
the  relative  uniqueness  of  each  processing 
area.  These  subordinate  entities  of  the  enterprise 
architecture  work  in  concert  to  first  predict 
and  configure,  then  to  execute  to  the  optimum 
model.  This  configuration  resolves  the 
historical  difficulty  in  supplying  generic 
solutions  that  maximize  software  development 
but  are  not  specific  enough  to  ensure 
precise  execution  to  the  goals.  Both  the  logical 
and  functional  descriptions  of  tVs  architecture 
are  presented. 

Functionally,  higher  level  systems  present  to  the 
model,  the  prioritized  customer  or  foretasted 
demands  that  the  enterprise  model  couples  with  the 
current  process  description  and  relative 
specifications.  This  is  also  the  criterion  to  which 
the  customer  will  measure  the  quality  and  usefulness 
of  the  deliverable.  The  model  interpretets ,  from 
the  knowledge  domains,  the  networks  of  possible 
processing  flows  and  resource  consumption  formulae 
required  to  plan  the  process  activities  of  each 
demand,  in  order  to  facilitate  the  model 
representat ion  of  the  factory. 

The  arbitration  of  committments  for  resources  to 
process  material  is  resolved  by  an  objective  function 
that  reflects  the  current  strategic  business  needs 
of  thn  company.  A  primary  output  of  this  simulation 
is  the  micro  specification  "when  and  where" 
necessary  to  process  each  demand.  The  exact 
sequence  of  processing  events  expressed  in  time 
intervals  of  seconds,  coupled  with  exact  resource 
committments,  are  passed  both  to  the  factory  floor 
in  order  to  direct  material  movements  and  also 
to  the  generic  process  control  modules  that 
interface  directly  to  the  process  equipment.  Using 
the  specific  knowledge  of  the  product  and  machine 
states,  coupled  with  the  accumulated  knowledge  of 
previous  experience  and  adaptive  techniques,  the 
process  control  modules  predict  the  optimum  process 
plan . 


Accordingly,  compiled  programs  and  recipes 
are  generated  and  modified  to  accommodate  the 
exact  character ist  ics  of  j  specific  machine, 
then  downloaded  to  the  target  machine  in  time  for 
the  product  arr  i  val . 

Compl iance  to  the  planned  model  is  ensured  through 
the  implement.it ion  of  an  execution  control 
subsystem  referred  to  as  process  control 
managers.  The  execution  control  subsystem 
receives  the  processing  plans  and  directs  the 
the  execution  of  processing  activities  relative 
to  the  plan.  The  execution  control  subsystem  is 
able  to  recognize  real  time  exceptions  to  the 
processing  plan,  and  analyze  recovery  alternatives 
ensuring  minimum  impact  on  current  and  future 
plans.  Finally,  the  knowledge  resulting  from 
the  analysis  of  those  deviations  and  successes 
is  stored  in  t  rie  knowl*  dq?  domain  for  future 
use  in  pr«*»,  ir  t  ing  optimum  process  configurations. 

In  order  to  most,  efficiency  manage  ard  utilize 
massive  quantities  of  data  elements  and  associated 
information,  frames  are  u;orf  to  represent  facts 
and  relationships,  such  a;  resources  and  tneir 
respective  attributes.  Data  structures  are 
organized  so  that  objects  can  be  easily  associated 
with  a  collection  of  feat jres  both  descriptive  and 
procedural.  These  are  depicted  as  slots  with 
their  associated  contents.  Frames  are  presented 
as  two-part  nodes:  The  fixed  node  represents  the 
permanent  attributes  of  as  object,  and  the 
variable  node  houses  the  changing  attributes  and 
current  associated  values.  This  organization 
allows  predictions  to  be  made  without  complete 
knowledge  of  all  variables. 

A  logically  distributed  architecture  is  selected 
in  order  to  pro.ide  a  platform  for  company -wide 
modular  expandab i 1  i ty ,  flexibility,  and 
redundancy.  Logically,  modules  have  two 
personalities:  generic  and  specific.  Procedures, 
relationships  and  functions  that  are  common  to 
all  manufactur ing  areas  a^e  expressed  as  standard 
alogrithns  in  the  generic  modules.  These  generic 
or  fractal  sets  integrate  to  a  specific  set  of 
shells  which  become  personalized  as  "scripts"  are 
selected  to  comprise  a  frime,  filling  in  the 
variable  slots  in  the  kno -/ledge  domain.  Specific 
software  mod:!e$  take  on  tre  rule  of  "actors",  as 
frames  are  invoked. 

Network  concepts  are  explored  in  depth.  The 
distributed  networked  arciiterture  is  implemented, 
using  a  conmun ic.it  control  application  la;,er 
that  manages  message  passing  and  their  respective 
routing  between  processes  on  either  a  local  nr 
remote  nod*".  Message  destinations  ran  each  be 
identified  logically  or  physical ly,  as  required  by 
the  application.  This  network  manager,  referod  to 
as  the  network  object,  ensures  a  high  speed 
communication  link  between  generic  and  specific 
process  sets  for  the  duration  of  each 
conversation.  Network  flexibility  and  tuning  are 
implemented  on  a  functional  application  basis, 
since  it  is  at  this  level  that  *hc  rules  fc* 
connect  inn /disconnect  ion  ire  defined.  The 
network  manager  provides  a  low  overhead 
distribution  of  information,  allowing  logical 
referencing  so  that  generic  and  specific 
integration  of  processes  can  occur. 
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FabSim  II  simulation  and  calculation  tools, 
generally  found  on  a  mainframe,  now  run  real¬ 
time  on  an  IBM  PC/AT  (with  a  8-MIP  OPUS  32532 
cpu  card)  that  is  integrated  with  the  CIM 
computer  network.  Production  forecasters 
simulate  a  manufacturing  model  (equipment, 
operators.  dispatch  algorithm,  work-in¬ 
progress,...)  to  calculate  model  statistics 
(wafers  out,  inventory,  cycle-times,...).  An 
inventory  projection  algorithm  then  transforms 
the  wafer  demand  schedule  into  a  new  (and 
better)  wafer  start  schedule  from  these 
statistics.  Other  FabSim  II  user  services  are 
for  CIM  data  loading,  user  interfaces,  and  model 
building  conventions. 

The  application  and  use  of  FabSim  II  is  described 
in  terms  of  the  manufacturing  work  areas 
modeled,  the  gathering  and  network  loading  of 
CIM  data  to  FabSim  II,  simulation  runs  and 
comparison  to  actual  fab  behavior,  'what-if 
manufacturing  capacity  use  and  results,  the 
critical  elements  for  long  and  short  term 
predictive  behavior,  and  the  hardware  support 
environment. 

FabSim  II  has  been  specifically  designed  to 
provide  an  on-line  tool  that  can  be  used  for  two 
main  manufacturing  planning  functions;  produc¬ 
tion  planning  and  capacity  analysis. 

Production  Planning  -  FabSim  II  can  be  used  to 
determine  a  product  start  schedule  from  input 
demand,  taking  into  account  current  work-in¬ 
progress  and  the  expected  manufacturing 
environment.  Iterative  runs  of  the  simulation 
using  updated  cycle  times  can  provide  a  more 
accurate  start  schedule  than  currently  used  non- 
simulation  techniques. 

Capacity  Analysis  -  FabSim  II  can  be  used  to 
assess  the  impact  of  factory  design  and 
operating  policies  on  product  throughput,  cycle 
times  and  work  in  process.  Parameters  which 
can  be  studied  include;  facility  personnel 


(number  of),  processing  equipment  (number  of, 
productivity,  reliability,  setup  and  loading), 
preventive  maintenance,  product  mix,  lot  size, 
rework  and  yield  rates,  dispatch  rules  and  lot 
start  policies. 

Manufacturing  Model  -  A  manufacturing  facility 
is  modeled  as  a  network  of  queues  serving 
production  work  stations.  Product  lots  move 
into  the  queues  and  are  routed  to  a  piece  of 
equipment  in  the  work  station  by  dispatch 
algorithms.  FabSim  II  operates  by  maintaining 
a  dynamic  list  of  scheduled  events,  such  as: 
processing  completions,  equipment  failures  and 
repairs,  and  lot  starts.  As  events  occur,  the 
state  of  the  modeled  system  changes,  statistics 
are  collected,  and  new  events  scheduled.  The 
frequency  of  these  events  is  controlled  by  user- 
defined  parameters  that  include  lot  start  rates, 
equipment  failure  rates,  and  process 
specifications.  User-friendly  interfaces  allow 
the  factory  and  work  flow  to  be  defined  in 
detail. 

Performance  -  FabSim  II  is  written  in  'C ' 
running  under  Unix  System  V.  Performance  of 
FabSim  II  (on  the  8-MIP  32532  cpu)  allows 
simulation  of  10  products  processed  through  60 
steps  at  38  work  stations  (containing  60  pieces 
of  equipment)  for  50  production  days  in  11 
seconds  (cpu  time).  This  corresponds  to 
approximately  122,000  simulated  events  per 
minute. 
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The  factory  is  a  physical  system,  and 
thus,  it  has  a  physical  limit  or  capacity 
(1,2).  Accurate  determination  of  the  capacity 
of  real  factories  under  dynamic  conditions  is 
difficult.  This  difficulty  has  lead  to  the 
use  of  standard,  but  approximate,  capacities 
(3)  in  production  planning  and  factory 
design.  Errors  in  these  capacity  estimates 
naturally  propagate  into  errors  in  planning 
and  design.  Simulation-models,  however, 
provide  more  accurate  values  for  dynamic 
capacity,  and  thus,  a  more  firm  basis  for 
production  planning. 

Dynamic  capacity  is  the  capacity  of  the 
factory  under  dynamic  operating  conditions 
and  with  dynamic  loading.  This  capacity  is 
usually  substantially  less  than  the  theoreti¬ 
cal  or  "spreadsheet"  capacity  calculated  from 
load  sizes,  processing  times,  and  number  of 
machines.  Such  calculations  neglect  several 
phenomena  which  result  in  capacity  losses  in 
real  factories.  These  phenomena,  treated  in 
the  simulation-model,  include  congestion  and 
delay  (queueing) ,  product  competition,  equip¬ 
ment  availability,  set-up  effects,  batching 
effects,  and  rework. 

Electronics  factories  like  wafer  fabs 
contain  several  different  types  of  manufac¬ 
turing  equipment.  The  factory  may  be  or¬ 
ganized  into  work  centers  or  work  stations; 
each  work  station  contains  a  set  of  like 
equipment.  A  process  flow  or  manufacturing 
routing  determines  the  path  and  set  of  work 
stations  necessary  to  complete  fabrication. 
For  the  process  flow  each  workstation  will 
have  a  dynamic  capacity,  and  there  will  be  a 
minimum  capacity  among  the  set  of  worksta¬ 
tions.  The  minimum  capacity  determines  the 
limiting  or  bottleneck  work  stations.  Thus, 
the  dynamic  capacity  of  the  factory  for  the 
process  flow  is  the  capacity  of  the  bot¬ 
tleneck  workstation. 

Different  process  flows  can  impose  dif¬ 
ferent  demands  on  the  factory,  and  thus,  ex¬ 
perience  different  dynamic  capacities.  In 
the  standard  operating  mode  for  wafer  fabs, 
products  from  several  processes  must  be 
fabricated  simultaneously.  Calculating  the 
dynamic  capacity  for  a  mixture  of  process 
flows  is  especially  difficult. 

The  simulation-model  generates  a  variety 
of  output  variables  describing  factory  per¬ 
formance.  These  system  performance  variables 
include  queue  lengths  and  waiting  times, 
throughput  reports  by  process  step  and  by 
work  station,  and  equipment  utilization 
reports.  Analysis  of  these  performance  vari¬ 
ables  allows  the  determination  of  bottlenecks 
and  dynamic  capacities  under  the  conditions 
simulated. 

Bottleneck  analysis  can  be  complex. 
However,  the  interpretation  of  the  simulation 
results  has  been  reduced  to  a  set  of  cases. 
Each  case  is  characterized  by  a  set  of  rules. 
These  rules  have  been  incorporated  into 
software,  and  this  software  can  be  viewed  as 
a  rule-based  expert  system. 


References: 

1.  R.W.  Atherton,  "Factory  Scheduling  Using 
Simulation  Models,"  Proceedings  of  the  Third 
Symposium  on  Automated  Integrated  Circuit 
Manufacturing,  Electrochemical  Society,  Prin¬ 
ceton,  New  Jersey,  pp. 333-345,  1988. 

2.  R.W.  Atherton  and  J.  e.  Dayhoff, 
"Signature  Analysis:  Simulation  of  Inventory^ 
Cycle  Time,  and  Throughput  Trade-Offs  in 
Wafer  Fabrication,"  IEEE  Trans.  Components, 
Hybrids,  Manufacturing  Technology,  vol.  CHMT- 
9,  498-507,  1986. 

3.  T.  E.  Vollman,  W.L.  Berry,  D.C.  Whybark, 
Manufacturing  Planning  and  Control  Systems, 
Dow-Jones  Irwin,  Homewood,  Illinois,  1984. 


Abstract  No 


405 


Real-Time  1C  Process  Control  Automation 
Using  Expert  Systems 

C.  Fred  Hiatt 

Prosys  Technologies,  Inc. 
Computer  Aided  Processing  Group 
Minneapolis,  MN  5543 1 


Introduction 

Computer-Aided  Manufacturing  (CAM)  and  Computer- 
Integrated  Manufacturing  (CIM)  systems  being  developed 
by  universities  and  industry  are  responding  to  concern 
about  the  United  States  microelectronics  industry's 
ability  to  compete  in  worldwide  markets.  Software  now 
available  or  being  developed  for  the  semiconductor  in¬ 
dustry  tracks  wafer  progress  through  the  process  line, 
assists  in  scheduling,  collects  process-related  data  and 
then  presents  this  data  in  a  variety  of  report  formats 
for  interpretation.  However,  due  to  the  complexity  of 
modern  processes  it  is  not  possible,  using  current  sys¬ 
tems,  to  analyze  or  act  upon  the  data  in  a  timely  man¬ 
ner.  The  result  is  process  deviation  and  product  failure. 

One  solution  is  to  develop  Computer-Aided  Processing 
(CAP)  using  expert  system  technology  to  capture  the 
knowledge  of  one  or  more  human  experts,  analyze  the 
available  data  in  real-time  and  provide  automated  closed 
loop  control  of  the  manufacturing  process. 


Expert  Systems 

Evolving  from  computer  science  technology's  research 
into  artificial  intelligence,  the  expert  system  concept  is 
a  useful  tool  to  address  integrated  circuit  processing 
with  its  multiple  variables,  uncertainties  and  subjective 
measurements.  By  combining  the  expert  system  concept 
with  traditional  software  techniques,  an  innovative  way 
to  deal  with  qualitative  as  well  as  quantitative  process¬ 
ing  data  and  variables  is  created. 

An  expert  system  consists  of  two  main  components:  1)  a 
knowledge  base  containing  the  domain  knowledge  of  the 
expert  as  well  as  the  real-time  (variable)  observations 
and  2)  an  inference  engine  which  contains  the  rules  and 
general  problem  solving  knowledge  by  which  the  reason¬ 
ing  process  is  guided.  Thus  a  knowledge  based  system 
can  manipulate  knowledge  by  algorithms  and  heuristics 
(rules  of  thumb)  to  reach  a  conclusion.  Figure  I.  is  a 
simplified  diagram  of  an  expert  system. 

Computer-Aided  Processing 

The  CAP  system  is  designed  to  provide  real-time  process 
control  using  a  microcomputer-based  expert  system.  The 
system  monitors,  controls  the  process  and  advises  the 
process  engineer  of  unusual  process  conditions  requiring 
immediate  human  intervention.  The  system  'learns  from 
the  process  engineering  expert  (domain  expert)  and,  over 
time,  becomes  a  'smart  system'  thus  making  the  expert's 
knowledge  available  regardless  of  the  work  shift  or  other 
reasons  for  the  expert's  absence.  In  addition,  the  CAP 
system  adds  discipline  to  manufacturing  operations  and 
allows  the  expert  to  concentrate  on  more  challenging 
manufacturing  tasks. 

The  CAP  system  utilizes  a  modular  approach  to  control 
each  manufacturing  process  work  cell  (see  Figure  2.).  A 
work  cell  is  defined  as  a  machine  or  group  of  machines 
which  perform(s)  a  major  process  function  (photo,  etch, 
deposition,  etc.).  The  advantages  to  this  approach  are: 

a.  Modular  systems  are  easier  to  implement  on  a  work 
cell  by  work  cell  basis  and  can  be  interconnected  via 
a  network  as  the  installed  system  base  grows. 


b.  Work  cells  can  expand  to  interface  with  VAX  or 
MICRO-VAX  systems  as  integration  of  the  factory 
system  into  CIM  becomes  more  practical. 

c.  Software  modules  can  be  developed  generically  (by 
operation  type,  i.e.  photo,  etch,  deposition).  These 
modules  are  then  'customized'  for  specific  machines 
and  process  parameters.  The  system  is  capable  of  in¬ 
teracting  with  the  domain  expert(s)  thereby  'learning' 
from  their  experience  and  capturing  the  best  of  the 
expert's  knowledge. 

d.  Microcomputers  at  the  work  cell  level  make 
knowledge  base  and  rule  storage  easier  to  ..or.age. 
Faster  access  is  possible  than  a  mainframe  multi¬ 
user  computer  since  the  knowledge,  data  and  rules 
for  each  module  are  stored  locally.  In  addition,  the 
knowledge  base  and  module  rules  may  be  easily  up¬ 
dated  to  include  process  changes  and  new  technol¬ 
ogy* 

e.  Data  processing  between  work  cells  via  a  network 
provides  backward  and  forward  communications 
during  problem  or  status  analysis.  This  analysis 
capability  is  crucial  for  real-time  process  control. 

f.  Statistical  Experimental  Design  (SED)  and  Statistical 
Process  Control  (SPC)  methods  can  be  used  to  assist 
in  development  and  transfer  of  new  processes. 

The  CAP  system  accepts  input  from  the  domain 
expert(s)  for  manual  data  entry  as  well  as  data  query. 
The  system  collects  real-time  data  from  the  physical 
environment  (clean  room)  as  well  as  from  the  production 
equipment,  both  of  which  directly  affect  process  perfor¬ 
mance.  Machine  failures  or  process  settings  outside  of 
designated  limits  are  recognized  and  reported  to  the 
user  along  with  the  corrective  actions  to  be  taken.  Sys¬ 
tem  overrides  allow  the  process  engineer  to  run  experi¬ 
ments  without  system  interference.  System  data  can  be 
queried  by  run/lot  number,  date  of  process,  process 
machine  ID  or  other  process  parameters.  The  result  is 
an  ability  to  analyze  faults  or  failures  by  process  step, 
machine  used  for  the  process,  date  the  process  was  per¬ 
formed,  or  a  combination  thereof. 

Applications  for  the  CAP  system  being  developed  are 
not  limited  to  integrated  circuit  manufacturing.  This 
concept  can  be  used  for  any  automated  manufacturing 
process  control  application  which  contains  many  interre¬ 
lated  variables. 

Conclusion 

In  reviewing  the  current  status  of  factory  automation, 
the  work  cell  modular  approach  to  process  control  as 
described  above  has  real  merit.  Integrating  the  expert 
system  concept  into  a  process  control  strategy  increases 
the  capabilities  far  beyond  traditional  approaches.  A 
computer-aided  processing  expert  system  provides  the 
foundation  needed  to  achieve  a  CIM  system.  Integrated 
circuit  manufacturing  technologies  are  complex.  The  de¬ 
pendence  on  computer  systems  to  process  data  and  make 
decisions  based  on  experience  and  intelligent  reasoning  is 
an  absolute  necessity.  Efficient  and  highly  productive 
manufacturing  systems  are  essential  to  the  economic 
welfare  of  this  industry. 
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EXPERT  SYSTEH  CONTROL  OF  DIELECTRIC  FORMATION 

M.N.  Kozicki,  T.  Patel,  P.  Rastogi  and  G.W.  Sheets 
Center  for  Solid  State  Electronics  Research 
Arizona  State  University 
Tempe ,  AZ  85287-6206 


Introduction 


As  the  processes  used  in  the  fabrication  of  advanced 
silicon  integrated  circuits  become  more  complex,  there 
is  an  ever  increasing  need  for  a  higher  degree  of 
process  control.  This  is  becoming  evident  at  the 
individual  process  level,  process  cell  level,  and 
ultimately  at  the  production  line  level.  With 
decreasing  lateral  and  vertical  dimensions  within  the 
devices  and  circuits,  small  absolute  deviations  in 
parameters  such  as  layer  thickness,  resistivity,  etc., 
will  naturally  mean  large  relative  errors.  These 
errors,  if  they  occur  at  a  critical  process  step,  will 
ultimately  lead  to  device  characteristics  which  are 
out  of  specification.  Therefore,  tight  process 
control  is  particularly  important  in  critical  process 
steps. 


Optimal  process  control  is  traditionally  achieved  in 
many  processes  within  the  semiconductor  industry  by 
strict  adherence  to  the  long  standing  "non-alteration" 
creed,  where  individual  pieces  of  equipment  are 
dedicated  to  "set"  processes  which  require  identical 
"set"  process  parameters.  Unfortunately,  this 
approach  is  slowly  becoming  impractical  as  flexible 
manufacturing  concepts  are  beginning  to  be  applied  in 
the  semiconductor  industry.  The  possibility  of 
"application  specific  processes"  is  highly  desirable 
and  will  ultimately  lead  to  a  high  degree  of  product 
optimization.  Unfor tunately,  we  are  therefore  faced 
with  something  of  a  dichotomy  as  tight  process  control 
by  traditional  means  and  flexible  manufacturing  are 
largely  orthogonal  concepts.  This  dichotomy  may  be 
broken  by  utilizing  a  control  system  which  is 
sufficiently  adaptable  to  cope  with  process  conditions 
which  not  only  change  during  the  process  (e.g.  real 
time  temperature  control)  but  also  may  be  deliberately 
altered  from  run  to  run. 

This  paper  reports  the  design  of  such  a  control  system 
based  on  an  expert  system  core.  Our  test  application 
is  the  formation  of  dielectric  layers  for  MOS  devices 
by  rapid  thermal  processing. 

Process  and  Control  Equipment 

The  equipment  used  in  this  study  is  a  Tamarack  180M 
rapid  thermal  processor  which  has  been  modified  to 
perform  dry  oxidation  and  ammonia  nitridation  at 
atmospheric  pressure.  The  dedicated  system  controller 
is  an  IBM-PC  which  runs  a  customized  software  PID 
temperature  controller  which  is  fed  with  wafer 
temperature  readings  from  an  infra-red  pyrometer  (Fig. 
1).  Note  that  this  system  will  act  to  maintain 
temperature  for  a  preprogrammed  time  and  in  no  way  can 
determine  whether  the  correct  process  result  (e.g. 
oxide  thickness)  has  been  obtained.  The  PC  would 
normally  also  be  used  for  user  interface  functions, 
but  in  our  application  it  is  merely  required  to 
continually  monitor  and  control  the  wafer  temperature 
and  to  communicate  with  an  external  control  system. 
(Note  that  essentially  any  equipment  controller  with 
an  appropriate  communications  interface  could  be  used 
in  this  control  concept,  e.g.  a  DPC/DTC  unit  on  a 
diffusion  furnace). 

The  external  control  system  resides  on  an  AT 
compatible  (80286)  machine  (Fig.  2).  The  size  and 
speed  of  this  machine  limits  functionality  but  it  is 
nevertheless  adequate  foi  concept  demonstration.  The 
controller  system  wheel  is  shown  in  Fig.  3.  The  core 
Js  an  expert  system  written  in  a  high  level  "OPS"  (5 


or  83)  language.  This  is  supported  by  3  rule  bases: 
(1)  an  "equipment”  rule  base  which  has  information  on 
equipment  capabilities,  (2)  a  "process"  rule  base 
which  defines  the  effects  of  process  parameters  on  the 
product,  (3)  an  "adaptable"  rule  base  which  contains 
the  rules  for  updating  the  other  rule  bases  when  new 
information  on  the  effect  of  processing  becomes 
available  from  subsequent  process  or  measurement 
steps.  Maintenance  information  may  also  be  used  to 
update  the  equipment  rule  base  through  the  rules  in 
the  adaptable  base.  Since  we  cannot  measure  the 
growth  of  the  oxide  or  the  nitridation  of  that  oxide 
in-situ,  an  accurate  simulation  of  the  process  is 
included  and  this  acts  as  a  "dynamic  rule"  which  may 
be  used  in  one  of  two  ways:  (1)  it  can  help  with 
decisions  regarding  set-up  parameters,  e.g.  choosing 
an  appropriate  temperature  and  time  to  grow  a 
particular  thickness  of  oxide,  (2)  it  may  be  used  real 
time,  being  fed  with  measurable  parameters  from  the 
system  at  regular  intervals,  to  simulate  the 
dielectric  formation  as  it  occurs  so  that  the  control 
system  can  make  decisions  on  what  action  should  be 
taken  in  order  to  stay  "on  target".  The  final  area  in 
the  system  contains  the  I/O  functions,  and  these 
include  equipment  controller  and  user  (or  cell  control 
computer)  interfacing.  A  serial  data  link  joins  the 
two  computers. 


System  Operation 

Ue  have  operated  and  evaluated  the  system  in  a  number 
of  modes:  (1)  selection  of  set-up  parameters  for  a 
particular  process  by  the  expert  system/simulation 
combination,  (2)  real  time  process  control  by 
simulation  only,  (3)  real  time  process  control  by  the 
expert  system/simulation  combination,  (4)  post-hoc 
process  control  using  parameters  measured  ex-si tu. 
The  "set-up  mode"  relies  on  rules  which  govern 
equipment  limitations  (e.g.  highest  possible 
temperature,  minimum  processing  time,  etc.)  and 
process  rules,  i.e.  which  temperature  ranges  will 
produce  the  appropriate  type  of  dielectric  in  the  most 
ergonomic  fashion.  Once  temperature  and  time  ranges 
have  been  selected,  the  simulation  is  used  to 
determine  exact  set-up  parameters  which  are  then  fed 
to  the  process  system  controller.  Process  control  by 
"simulation  only"  relies  on  the  real  time  simulator  to 
"monitor"  the  dielectric  formation  and  cease 
processing  when  it  calculates  that  the  desired  effect 
(e.g.  thickness)  has  been  achieved  (If.  l/hen  combined 
with  the  expert  system,  decisions  as  to  which 
parameters  to  alter  may  be  made  during  the  process  so 
that  the  effects  of  fluctuations  which  arise  during 
processing  may  be  nulled  out.  This  brings  us  closer 
to  the  "perfect  part  every  time"  concept.  Finally, 
the  "post-hoc"  control  experimentation  was  designed  to 
test  the  system's  ability  to  adapt  to  conditions  the 
expert  system  failed  to  predict  during  processing  and 
could  only  be  determined  by  subsequent  ex-situ 
measurement,  e.g.  constant  or  regularly  changing 
offsets  which  arise  due  to  problems  with  equipment 
calibration. 


Our  system  performed  adequately  during  simple 
functionality  testing.  However,  it  should  be  noted 
that  in  a  real  process  control  situation,  all  the 
above  functions  would  be  combined  and  be  performed  by 
a  more  powerful  control  computer  so  that  more  complex 
real  time  functions  could  be  realized. 


1.  E.  Cameron,  J.  Robertson  and  R.  Holvil).  "Control 
of  oxide  growth  by  real-time  simulation”,  in 
Simulation  of  Semiconductor  Devices  and  Processes, 
Vol.  2,  K.  Board  and  D.R.J.  Owen,  Eds.,  Pineridge 
Press,  Swansea,  U.K.,  1986- 
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FIGURE  1.  SCHM4ui„  UiAGiuirt  w  juU'»D  THERMAL  PROCESSOR  SYSTEM. 


FIGURE  2.  SCHEMATIC  DIACRAM  OF  ALTERNATIVE  CONTROL  SYSTEM. 
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U1  tra-High-Vacuum  Compatible 

Wafer  Transport  and  Holding  System 
Using  Electro-Static  Chucks 

T.  Ohmi,  M.  Onodera,  G.  Sato#  T.  Shibata, 
and  M.  Morita 

Department  of  Electronics, 

Faculty  of  Engineering,  Tohoku  University, 
Sendai,  980,  Japan 

Phenomenal  growth  in  the  integrated 
circuit  technology  has  been  observed  during 
the  last  decade,  and  the  manufacturing  of 
ULSI  chips  with  submicron  to  lower- 
submicron  design  rules  will  come  about  in 
very  near  future.  In  order  for  such  LSI 
manufacturing  in  ultimately  small  dimensions 
to  be  successful,  the  accuracy  of  process 
control  must  be  much  higher  than  that  we  have 
today.  Such  high-accuracy  of  process  control 
will  be  realized  only  by  eliminating  all 
possible  contamination  sources  from  the 
processing  environment  that  cause 
uncontrollable  fluctuations  or  ambiguities  in 
the  process  (1)(2).  This  is  why  ultra  high 
vacuum  compatible  chambers  are  needed  for 
future  ULSI  fabrication  process  equipment. 
The  most  important  issues  of  ultra  high- 
vacuum  system  are  how  to  transport  wafers 
quickly  and  reliably  in  a  high  vacuum  and 
also  how  to  hold  wafers  firmly  on  wafer 
stages  in  order  to  get  a  good  thermal  contact 
as  well  as  an  electrical  contacts. 

We  have  developed  wafer  transport  and 
holding  systems  using  e 1 ec t r o- s t a t ic 
chucks  that  meet  the  all  requirements 
mentioned  above.  Since  wafers  are  not  hold 
mechanically  but  by  an  electro-static  force, 
the  system  is  essentially  particle-free.  The 
purpose  of  this  paper  is  to  describe  the 
basic  characteristics  of  electro-static 
chucks  and  the  method  of  fabrication. 
Application  of  the  system  to  various  advanced 
processing  equipment,  such  as  ultra-nigh 
vacuum  ion  i mplanter ( 3)  ,  surface-reaction 
CVD  system,  reactive-ion  etching  system  etc. 
are  also  presented  in  this  paper. 

The  structure  and  the  principle  of 
operation  of  electro-static  chucks  are  shown 
in  Fig.  1.  The  holding  chuck  that  is  used  to 
hold  wafers  during  processing  is  illustrated 
in  Fig.  Ha)  .The  wafer  is  stuck  to  the  holder 
by  a  Coulomb  attractive  force  between  the 
charges  induced  in  the  wafer  and  the  holder 
electrodes  which  are  separated  by  an 
insulative  layer  formed  on  the  electrode.  The 
force  of  attraction  is  calculated  as, 

C*5V2 

2e,  d2 

where, €ois  the  permittivity  of  free  space, 
€  the  dielectric  constantof  the  insulator, 
d  the  insulator  thickness,  S  the  electrode 
area,  and  V  the  voltage  applied  across  the 
insulator  determined  by  the  voltage  source  V, 
in  Fig.  lla).  The  results  of  calculation  is 
shown  in  Fig. 2  along  with  the  experimental 
data  where  polyimide  was  used  as  an 
insulator.  Large  difference  observed  between 
the  calculation  and  the  experimental  data  i., 
due  to  the  surface  roughness  of  the 
insulator.  The  surface  roughness,  creates 
a  qap  between  the  wafer  surface  and  the 
insulator  surface,  which  reduces  the 
effective  dielectric  constant  of  the 
insulator.  55 1  nee  the  gap  spacing  relative  to 


the  total  insulator  thickness  is  reduced  by 
using  thicker  polyimide  layer,  a  large 
attractive  force  (  about  40%  of  the 
calculated  value  )  was  obtained  for  35pm 
thick  polyimide  sample.  In  order  to  enhance 
the  attractive  force,  it  is  essential  to  make 
a  chuck  surace  as  smooth  as  possible.  The 
metal  electrode  typically  made  of  SUS  316L 
was  mirror-polished  to  create  a  smooth 
surface  which  is  both  m  ic roscop ica 1 ly  and 
macr oscopica 1 1 y  flat.  Then  polyimide  was 
coated  onto  the  electrode  surface.  After 
being  cured,  the  polyimide  surface  was  also 
mirror  polished  to  get  excellent  planarity. 
A  thin  over-coating  layer  of  polyimide  of 
about  2-3um  was  spin-coated  on  the 
surface  for  blocking  contaminations 
introduced  during  polishing.  The  thickness 
of  total  polyimide  layer  is  typically  in  the 
range  of  30-60um,  and  attractive  forces  over 
S0°/o  of  the  calculated  value  are  typically 
obtained.  Large  attractive  forces  obtained  is 
quite  important  to  realize  a  precise 
temperature  control  of  wafers  during 
processing.  With  the  configuration  shown  in 
Fig.  1(a),  it  is  also  possible  to  control  the 
wafer  DC  bias  voltage  by  the  DC  power  supply 
Vj ,  which  is  important  for  controlling  ion 
energies  in  plasma  processes  such  as  in  the 
RF-DC  coupled  mode  bias  sputter  mg  (  6) . 

The  electro-static  chuck  used  for  wafer 
transport  is  illustrated  in  Fig. 1(b),  which 
holds  a  wafer  at  the  periphery  from  the  front 
surface  by  two  electrodes.  The  charges 
induced  in  the  two  electrodes  by  an 
externally  applied  voltage  are  distributed 
among  the  wafer  and  the  two  electrodes  as 
shown  in  the  figure.  As  a  result,  the  wafer 
sticks  to  the  chuck  without  applying  any 
biases  to  the  wafer. 

The  electro-static  chuck  wafer  transport 
and  holding  system  designed  for  ultra  high 
vacuum  ion-implanter  is  schema t ica 1 1 y  shown 
in  Fig.  3,  Wafers  are  loaded  on  the  holding 
chucks  in  the  1st  chamber  and  transferred  to 
the  transport  chuck  mounted  at  the  tip  of  the 
flog-leg,  which  conveys  the  wafers  from  the 
1st  chamber  to  the  implant  chamber. 
Excellent  thermal  contact  of  the  wafer  to  the 
wafer  holder  prevents  the  temperature  rise 
during  the  implantation  that  is  quite 
important  to  suppress  the  damage  formation  in 
the  ion-implanted  layer. 

Figs.  4  and  5  show  the  electro-static 
chucks  for  wafer  transport  specially  designed 
for  the  reactive-ion  etching  (RID)  system  and 
the  surface-reaction  CVD  sy s t e m  I  4 )  | 5  )  , 
respectively.  Four  wafers  are  simultaneously 
held  by  four  wafer  chucks  and  transported  to 
the  etching  chamber  by  a  frog-leg  mechanism 
in  the  RIE  system. 

E 1 ec t r o- s t a t  ic  chucks  have  been 
developed  to  construct  a  new  waf er- t ranspor t 
and  holding  system.  The  system  has 
established  a  particle-free  wafer 
transportation  in  ultra  high  vacuum 
environment  in  combination  with  a  flog-leq 
mechanism.  Exel  lent,  thermal  contact  of  the 
wafer  to  the  wafer  si  age  as  well  as  the 
electric  potential  control  of  the  wafer 
during  processing  has  been  also  realized  by 
the  electro-static  chucking  technique.  Such 
systems  will  play  important  roles  in  future 
ULSI  automated  manufacturing  that  require 
high  precision  control  of  all  processing 
stops . 


596 


This  work  was  done  in  the  Superclean  Room  of 
Laboratory  for  Microelectronics#  Research 
Institute  of  Electrical  Communication#  Tohoku 
University. 

(1) T.  Ohmi,  N.  Mikoshiba,  and  K.  Tsubouchi, 
ECS  spring  Meeting#  Ext.  Abst.  No. 212, 
Philadelphia#  May#  1987. 

(2) T.  Ohmi#  J.  Murota,  Y. Mitsui#  K.  Sugiyama, 
and,  H.  Kawano#  ibid..  Ext.  Abst.  No. 216. 

(3) T.  Ohmi,  K.  Masuda#  T.  Shibata,  M.  Kato# 
and  Y.  Ishihara,  Ext.  Abst.  19th  Conf. 
Solid  State  Devices  and  Materials,  299, 
Tokyol987 . 

(4) T.  Ohmi,M.  Morita,T.  Kochi, M.  Kosugi, 
H.Kumagai,  and  M.ltoh, 

(to  be  published  in  Appl.  Phys.  Lett.) 

(5 )  T.  Ohmi,  G.  S.  Jong,  M.  Morita,  M.  Kosugi 
and  H.  Kumagai,  this  Symposium. 


WAFER 


Fig. 1  Schematic  of  a  electro-static  chuck 
used  as  a  wafer  stage  during  processing  (a) 
or  that  used  for  wafer  transport  (b). 


Fig.  3  Electro-static  wafer  transport  and 
holding  system  used  in  UHV  ion-implanter. 


ELECTRIC  FIELD  (V/fim) 


Fig.  4  Four  electro-static  chucks  mounted  at 
the  tips  of  a  flog-leg  for  transporting 
wafersfrom  the  loading  chamber  to  the  etching 
chamber  of  an  advanced  RIE  system. 


Fig. 2  Force  of  adhesion  as  a  function  of 

electric  field  for  varying  polyimide  Fig. 5  Transport  wafer  chuck  utilized  in  a 

thicknesses.  surface-reaction  CVD  system. 
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Automatic  Chemical  Supply  Unit  and  System 
Mitsuro  Tamura,  Tsu&io  Saito,  Soehiro  Oshima  and  Asaaki  Vaaasita 
XANTD  CHEMICAL  CO.,  INC. 

Chuo-ku,  TOKYO,  Japan 

1  .  Introduction 

The  chemicals  used  in  the  semiconductor  industry  are  mainly 
used  for  washing  and  etching  process.  Since  these  chemicals 
contact  with  silicon  wafer,  it  is  essential  that  these  chemi¬ 
cals  be  of  consistently  high  quality.  In  particular,  chemi¬ 
cals  so  prepared  as  to  minimize  metal  impurities  and  particles, 
which  adversely  affect  the  characteristics  and  the  yield  of 
semiconductor  device,  are  in  great  demand. 

Current  semiconductor  manufacturers  request  the  extreme 
high  purity  chemicals  which  present  ppb  level  or  less  of  the 
metal  impurities  (specified  on  SEMI  Standard)  and  1  Opes. /mil 
or  less (0.5 Mm)  of  particles. 

Automatic  chemical  supply  unit  and  system  were  developed  to 
distribute  such  high  purity  chemicals  to  the  semiconductor 
processing  equipment  and  these  unit  and  system  have  been  ac¬ 
tively  adopted  by  the  Japanese  semiconductor  manufacturers 
during  the  recent  years. 

Advantages  of  automatic  chemical  supply  unit  are  as  follows. 

1)  Automatic  supply  prevents  chemicals  from  contamination 
with  particles  usually  encountered  when  manual N  opening 
and  closing  of  cap  of  small  container  from  which  chemicals 
are  poured  into  the  tank  of  processing  equipment. 

2)  It  is  possible  to  distribute  the  low  particle  content  chem¬ 
icals  which  were  filtered  just  before  using  by  the  micro- 
filters  incorporated  into  the  supply  unit  and  system. 

3)  It  eliminates  handling  operation  of  chemicals  in  clean  room. 
Therefore,  it  elilminates  generation  of  particle  from  oper¬ 
ator  and  chemical  container,  serves  saving  of  labor  and 
serves  safety  operation. 

4)  Distribution  from  large  chemical  container  allows  easy 
quality  control  of  chemicals. 

However,  automatic  chemical  supply  system  have  some  prob¬ 
lems  as  summarized  bellow. 

(1)  If  quality  problem  develops,  it  will  affect  the  entire 
system. 

(2)  If  chemicals  leak  from  piping,  it  is  highly  dangerous. 

(3)  If  unit  and  system  are  in  trouble,  chemical  supply  stops. 
Measures  against  above  problems  are  listed  bellow. 

(1)  Either  implement  receiving  check  or  purchase  chemicals 
from  chemical  manufacturers  with  tight  quality  control. 

(2)  Protection  of  chemical  piping  and  valves  by  double  layer 
piping  and  protective  box. 

(3)  Adoption  of  reliable  supply  unit  and  system. 

Automatic  chemical  supply  unit  and  system  will  produce  many 

advantages  but  also  create  problems  as  described  above.  It  is, 
therefore,  essential  to  maximize  the  advantages  and  minimize 
the  problems. 

2  .  Outline  and  Current  Status  of 

Automatic  Supply  Unit  and  System 

2.1  Supply  Method 

There  are  two  different  types  of  automatic  chemical  sup¬ 
ply  method  available  at  present,  one  is  Nt  gas  pressurizing 
supply  method  and  other  is  pumping  supply  method.  Most  of 
the  Japanese  semiconductor  manufacturer  adopt  the  N*  gas 
pressurizing  supply  set.hod  from  the  viewpoint  of  easy  main¬ 
tenance  and  maintaining  the  quality  of  chemicals. 

2.2  Main  Materials  of  Unit 

Automatic  chemical  supply  unit  and  system  have  two  types 
classified  by  kind  of  chemicals,  one  is  for  corrosive  (Acid 
and  Alkali)  and  other  is  for  solvent.  Main  materials  of 
the  unit  are  fluorocarbon  polymer  for  corrosive  use  and 
stainless  steel  for  solvent  use. 


2.3  Type  of  Unit 

Various  kinds  of  chemicals  are  used  in  the  semiconductor 
manufacturing  factory  and  the  chemical  consumption  depends 
on  the  kind  of  chemical. 

Types  of  unit  are  selected  by  considering  the  chemical 
coiibumption,  area  and  location  to  be  installed,  required 
flow  rate  of  chemicals  and  type  of  chemicals. 

Representative  types  of  automatic  chemical  supply  unit 
are  : 

(1)  Small-scale  supply  unit:  Cica  S— wagon 

(2  nos.  of  15~20  8  Containers-*Filter-+Point  of  use) 

(2)  Medium-scale  supply  unit:  Cics  LS-100 

(2  nos.  of  100  2  Containers-*Filter-*Point  of  use) 

(3)  Small-scale  fixed  type  supply  unit 

(100  2  container-*2  nos.  of  Supply  Tank-*Filter-*Point 
of  use) 

(4)  Large-scale  fixed  type  supply  unit 

(1000  2  Container-*Pre-f ilter-»Storage  Tank-*2  nos.  of 
Supply  Tanks-»Supply  Filter-*  Point  of  use) 

Chemicals  are  distributed  under  N,  gas  pressure  from 
container  to  each  processing  equipment  directly  via  micro- 
filters  for  small-scale  and  medium  scale  supply  unit.  Mith 
regard  to  fixed  type,  chemicals  are  received  to  storage  and 
/or  supply  tanks  and  then  distribute  to  each  point  of  use 
via  *icrofilter  by  N*  gas  pressure. 

2.4  Safety  Measure 

Many  of  the  semiconductor  chemicals  are  highly  hazardous 
and  great  care  shall  be  taken  when  handling  these  chemicals. 
Following  consideration  have  been  taken  into  the  automatic 
chemical  supply  unit  as  safety  measure, 

(1)  Protection  against  the  leakage  of  chemicals  and  chemical 
gas. 

(2)  Selection  of  proper  materials  which  have  the  corrosion 
resistance  against  the  treating  chemicals. 

(3)  Function  of  checking  if  the  connecting  parts  such  as 
connector  of  chemical  container  are  securely  connected. 

(4)  Safety  device  for  protection  of  operators  such  as  door 
switch  of  chemical  container  booth.  (N*  gas  pressure  in 
the  container  is  released  when  door  is  opened.) 

(5)  Protection  of  electrical  equipment  and  parts  against  the 
corrosion  caused  by  chemical  gas. 

2.5  Piping 

Materials  of  chemical  piping  are  stainless  steel  for 
solvent  and  fluorocarbon  polymer  for  corrosive. 

There  are  two  different  method  for  corrosive  piping,  one 
is  fluorocarbon  polymer  lining  stainless  pipe  and  another 
is  double  layer  piping  (inside:  PFA  tube,  outside:  PVC 
protective  tube).  Double  layer  piping  is  adopted  in  most 
of  the  Japanese  semiconductor  manufacturer  because  of  the 
following  advantages. 

(1)  Seaaless  piping  of  PFA  tube  is  practical  and  it  is  supe¬ 
rior  in  leakage  trouble  compare  with  flange  connection. 

(2)  Easy  piping  work. 

(3)  Easy  quality  control  (If  there  is  a  pinhole  In  the  lin¬ 
ing  part  of  fluorocarbon  polymer  lining  pipe,  metal  (Fe, 
Ni,  Cr)  will  dissolved  into  the  chemical  and  it  is  dif¬ 
ficult  to  find  the  part  of  pinhol). 

3 .  Future  Innovation 

The  automatic  chemical  supply  unit  and  system  have  been 
iiprovad  regarding  to  safety,  simple  operation  and  high  per¬ 
formance,  but  still  have  some  points  remaining  to  be  improved, 
modified  and  developed  such  as  pumps,  valves,  fittings,  mate¬ 
rials,  filters,  etc. 

Now,  coming  into  the  era  of  the  megabit,  we  have  to  pursue 
■ore  reliable  supply  unit  and  system  to  challenge  the  supply 
of  ultrapure  chemicals. 
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A  SMIF-Vacuum  Interface  Chamber  for  200  mm 
Wafer  Cassette  Loading  and  Unloading  of  a 
Multichamber  Etching  Apparatus 


1.  Hussla,  M.  Walde,  and  P.  Zeidler 
Leybold  AG,  Coating  Technology 
Electronics  and  Optics 
Siemens  Strasae  100,  8755  Alzenau/FKG 

In  order  to  approach  a  higher  level  of 
computer  aided  semiconductor  manufacturing 
(CAM),  the  Standard  Mechanical  Interface 
(SMIF),  a  Hewlett  Packard  product  (Kef.  1), 
is  already  used  and  tested  by  major 
semiconductor  manufacturers.  The  future 

manufacturing  concept  will  be  a  modular  local 
cleanroom  one  with  micro  climate  zones  and 
standardized  interfaces  to  Class  10,000 
environment  (Ref.  2).  An  improved  dynamical 
SMli  box  Lcii.g  a  'crai  t-Van  r  ..  c-p  with 

fan  and  HEPA  filter  will  be  employed  (Kef. 
3).  For  the  etching  equipment  vacuum 

elevators  for  individual  wafer  handling  are 
used.  Therefore,  there  is  a  need  to  develop 
a  SMIF  vacuum  interface  chamber. 

Main  operation  of  the  designed  SMIF 
vacuum  interface  chamber  is  to  bring  a 
cassette  for  200  mm  wafer  processing  from  any 
environment  via  SMIF  box  into  the  vacuum 
cassette  elevator  of  the  etching  equipment. 

The  interface  chamber  is  built  as  a 
separate  unit  at  the  cleanroom  front  of  the 
etcher  and  consists  of  a  SMIF  box  interface 
(ports),  a  horizontal  cassette  transport 
system,  a  two-stage  vertical  cassette 
elevator,  a  mechanical  interface  to  the 
individual  wafer  handling  cassette  elevator 
(load  lock  to  vacuum  cassette  elevator),  and 
a  laminar  flow  system,  class  1. 

In  Fig.  1  the  adaptation  of  the  designed 
SMIF  vacuum  interface  chamber  onto  a 
multichamber  production  etching  equipment 
Leybold  MPE  3000  is  shown.  Two  independently- 
working  interfaces  (SMIF  box  ports)  are 
actually  needed  for  loading  and  unloading  of 
wafer  cassettes  from  the  SMIF  box  into  the 
vacuum  individual  wafer  cassette  handling 
chamber.  The  device  is  a  Leybold  patent  and 
the  design  concept  is  based  on  the  following 
criteria  and  additional  demands  as  given  by 
the  semi-conductor  industry: 

(i)  Lowest  particulate  generation  due  to 
installation  of  cassette  drives  under¬ 
neath  individual  waferhandling, 
fill  Minimum  of  moving  parts. 

(iii)  installation  of  interface  under  laminar 
flow,  class  1,  or  better. 

(iv)  Smallest  cleanroom  footprint  possible. 

<vl  SMIF  box  interface  height  1000  mm  (SEMI 
standard ) . 

(vi)  Coupling  of  SMIF  box  following  general 
SEMI  standards. 

(vii)  Compatibility  to  other  systems. 

( vi i i JWafer  sizes  up  to  200  mm. 


In  Fig.  2  a  description  of  the 
mechanics  of  the  newly  developed  device  is 
given.  Preliminary  results  regarding 
particulate  generation  and  cleanliness  of  the 
main  components  were  obtained  exploying 
measurements  of  the  air  borne  particles. 
These  measurements  are  backed  up  by  particle 
measurements  on-the-wafer  by  means  of  laser 
surface  scanning  methods. 
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Mechanics  of  a  SMIF  vacuum  interface  chamber: 


Adaptation  of  a  SMIF  vacuum  interface  chamber 
(a)  to  MPE  3003 ,  a  three-chamber  etching 
system  with  vacuum  waf er-tranaport-chamber 
for  individual  wafer  handling  (  )• 


a)  SMIF  box 
c)  Laminar  flow 
e)  Vertical  movem 


b)  SMIF  box  interface 
d)  Horizontal  movement 
f)  Wafer  caaa .  elevator 


g>  Vacuum  cassette  h)  vacuum  interface 
elevator 

i)  lock  for  indiv.  wafer  handling  MPE  3003 
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1.  Introduction 

Semiconductor  manufacturing  equipment  uses  dangerous 
gases,  chemicals  and  high  voltage  in  the  clean  room, 
which  is  a  closed  space  and  has  been  further 
complicated  recently.  It  is  difficult  for  workers  to 
stop  the  equipment  safely  and  quickly  when  an  accident 
occurs.  Manufacturing  equipment  now  more  than  ever 
needs  emergency  safety  features.  Present  safety 
features  for  manufacturing  equipment  are  independent ly 
provided  by  each  equipment  maker  and  are  not 
standardized.  Furthermore,  due  to  automated  1C 
manufacturing,  the  number  of  workers  employed  in  an  IC 
manufacturing  line  has  decreased.  Therefore.  safety 
mode  standardization  for  automated  1C  manufacturing  is 
desired  in  order  to  ensure  that  manufacturing 
equipment  can  be  stopped  safely,  despite  the  fewer 
number  of  workers  present. 

In  order  to  ensure  safe  automated  IC  manufacturing 
lines  it  is  necessary  that  the  safety  mode  for  not 
only  equipment  but  also  facilities  connected  to  the 
equipment  et  al.  are  standardized.  This  paper  proposes 
a  safely  mode  standard  fo"  manufacturing  equipment 
which  is  a  basis  for  standardizat ion.  The  proposed 
standardization  feature  is  "power-off  safety  mode” 
where  the  power-off  state  actuates  the  safety  mode  for 
manufacturing  equipment.  When  an  equipment  accident 
occurs.  u)  J'rros-ing  the  power-of*  switch  or  an 
alarm  circuit  linked  to  a  detector  the  power  is  shut 
off  and  the  equipment  is  stopped  safely. 
Simul taneousi v  the  supply  dangerous  gases  such  as 
hydrogen,  oxygen  and  toxic  gases  used  in  the  equipment 
can  be  shut  off  automatically.  Inert  gas  such  as 
nitrogen  or  argon  automatically  purges  the  gas  lines 
that  supply  the  dangerous  gases. 

2.  Details  of  Standardization 


2.1  Power-off  Switch 

UThe  power  switch  should  be  the  self-hold  type  to 
prevent  an  automatic  power  supply  after  the  recovery 
from  an  interruption  of  electric  service  and  must  have 
a  shut-off  terminal  that  connects  with  an  alarm 
aignal.  The  shut-off  signal  is  sent  to  the  shut-off 
terminal  through  an  electromagnetic  relay.  The  shut¬ 
off  signal  from  detector,  such  as  a  bimetal  sensor, 
that  does  not  have  a  power  supply  may  be  directly  sent 
to  the  shut-off  terminal. 

2) The  em^menov  switch  shuts  off  the  equipment  power 
and  should  be  placed  where  it  can  be  seen  most 
clearly,  such  as  on  the  front  operational  panel.  The 
height  of  the  emergency  switch  should  be  150cm±10c* 
above  the  floor. 

3) When  the  equipment  is  composed  of  multiple  units, 
emergency  switches  are  accordingly  placed  at  each 
unit.  The  function  of  each  emergency  switch  is  the 
same,  and  the  power  to  alt  the  units  is  shut  off  when 
any  ore  of  the  emergency  switches  is  depressed. 

4) When  the  equipment  is  placed  between  the  clean-space 
and  the  power-space  in  the  clean  room,  an  emergency 
switch  is  provided  on  both  the  clean-space  side  and 
the  power-space  side. 


2.2  Cas  Shut-off  Valve 

DThe  valve  used  for  toxic  gases,  oxygen,  and 
combustible  gases  should  be  the  normally  closed  INC) 
type.  and  should  be  be  closed  by  t>e  power  shut-off 
switch  in  emergencies.  The  va*ve  to  allow  inert  gases 


to  purge  toxic  gases,  oxygen  and  combustible  gases 
should  be  the  normally  open  (NO)  valve  which  is  opened 
by  shutting  off  the  power  supply. 

2>When  the  shut-off  valve  consists  of  an 
electromagnet ic  valve  and  an  air-operated  valve,  each 
valve  must  be  used  as  follows:  A  combination  of  the  NC 
electromagnetic  valve  and  the  NC  air-uperated  valve 
should  be  used  for  toxic  gases,  oxygen  and  combustible 
gases,  and  a  combination  of  the  NO  electromagnetic 
valve  ?.rul  the  NC  air-operated  valve  should  be  used  for 
the  purging  gas. 

3)The  power  of  the  equipment  attachment,  such  as  a 
toxic  gas  cylinder  cabinet,  should  be  taken  from  the 
main  equipment  power  source.  The  valve  in  the 
equipment  attachment  should  be  closed  by  shutting  off 
the  equipment  power  and  thereby  stopping  the  toxic 
gas. 

2.3  Alarm  and  Status  Signal  Interface 
2.  3.  1  Alarm  Signals 

DAn  alarm  signal  should  be  either  a  voltage  signal  or 
open/close  circuit  signal  using  two  terminals. 

2>Under  normal  conditions  the  voltage  signal  sent  from 
the  alarm  is  0V.  When  an  abnormal  condition  is 
detected.it  changes  from  OV  to  100V(or  commercial 
voltage  of  each  country), 

3)The  open/close  circuit  is  normally  closed,  and  is 
opened  when  an  abnormal  condition  detected. 

2.3.2  Equipment  Status  Signals 

The  equipment  should  have  an  open/close  circuit  to 
indicate  the  equipment  state.  This  circuit  is  closed 
under  normal  conditions  and  is  open  under  an  abnormal 
one. 

2.4  Alarm  Level  to  turn  to  the  Power-off  Safety  Mode 
Alarm  levels  from  various  detectors  which  actuate  the 

power-off  safety  mode  are  different  because  of  the 
detector's  reliability  and  their  installed  position. 
Although.  alarm  level’s  c«n  not  be  decided  unimutr}* 
the  following  should  be  generally  considered. 

1 JToxic  Cas 

Gas  concentrat ion  in  a  working  environment  should 
be  less  than  threshold  limit  value  (TLV)  of  each  toxic 
gas.  However,  alarm  level  of  detector  installed  in  the 
closed  equipment  which  does  not  leak  gas  outside 
should  not  be  fixed  at  TLV.  This  is  because  the 
detector  fixed  at  TLV  occasionally  gives  a  false  alarm 
signal.  Alarm  level  to  adequately  detect  a  toxic  gas 
leak  must  be  discussed. 

2) Combust ible  Gas 

Alarm  level  lo  stop  an  equipment  should  be  less  than 
a  quarter  of  the  lower  explosive  limit  of  each 
combustible  gas. 

3)  Earthquake  Acceleration  Level 

In  case  of  shutting  off  the  power  with  a 
seismograph  che  acceleration  level  for  power-off  is 
160  gal. 

4)  Others 

Alarm  levels  for  a  fire  and  a  water  leah  etc.  is 
fixed  by  the  o i rcumstances  of  each  manufacturing  line, 

3. Summary 

We  have  proposed  a  safety  mode  standard  that  shuts 
off  the  power  by  depressing  the  emergency  switch  or. 
by  receiving  alarm  signals  sent  by  various  detectors. 
By  shutting  off  the  power  the  dangerous  gases  are 
shut  off  and  the  gas  lines  are  automat ical ly  purged  by 
inert  gas. 

By  standardizing  the  safely  mode  of  manufacturing 
equipment  the  total  safely  of  manufacturing  lines 
which  include  facilities  connected  with  equipment  can 
be  assured. 
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INTEGRATION  OF  AUTOMATED  REAL-TIME  Dl  WATER 
MONITORING  WITH  THE  1C  MANUFACTURING  PROCESS 

J.  Seaton.  D.  Grossman,  and  S.  Becker 

Honeywell  Solid  State  Electronics  Division 
Research  and  Development  Center 
12001  Highway  55 
Plymouth,  Minnesota  55441 

To  achieve  a  controlled  1C  manufacturing  process,  all 
important  variable  inputs  must  be  either  controlled 
themselves,  accounted  for  by  the  adjustment  of  other 
variables,  or  continually  monitored  so  that  processing 
may  be  halted  should  they  exceed  specified  limits.  The 
importance  of  ultra-pure  Dl  water  as  a  variable  in  1C 
manufacturing  is  well  established.  Of  equal  importance 
is  the  integration  of  the  information  collected  from  the 
Dl  water  monitoring  system  with  the  1C  manufacturing 
process. 

Implementation  of  an  integrated  Dl  monitnring/IC 
manufacturing  system  should  proceed  through  the 
following  stages: 

-  Determination  of  significant  variable  inputs 

-  Establishment  of  real-time  monitoring 

capabilities  for  each  variable 

-  Assurance  that  monitors  are  run  under 

statistical  control  with  adequate  precision 

-  Establishment  of  real-time  display  and  analysis 

-  Implementation  of  data  archiving 

Significant  Dl  water  variables  for  1C  processing  might 
include  resistivity  as  well  as  silica,  total  oxidizable 
carbon  (TOC),  and  particle  levels.  Automated  real-time 
monitoring  is  essential  since  the  lag  time  associated 
with  grab  samples  and  laboratory  analysis  precludes  the 
immediate  use  of  the  data  for  ongoing  processing 
decisions  and  grab  sampling  frequencies  can  not  follow’ 
the  faster  variable  fluctuations.  Interfacing  of  the 
monitoring  equipment  to  computers  permits  the 
implementation  of  automated  statistical  control  as  well 
as  data  collection,  display,  analysis  and  archiving. 

Not  only  contaminant  level  data  but  also  data 
representing  the  performance  of  the  monitoring 
equipment  (i.e.  the  results  of  automated  calibration/ 
standard  checks)  must  be  collected  and  analyzed  in 
real-time.  Continual  analysis  of  this  performance  data 
by  statistical  process  control  techniques  can  insure  the 
reliability  of  analytical  results.  Control  charts  for 
individual  calibration  measurements  or  calibration 
subgroup  ranges  have  proven  useful  for  this  purpose. 
Control  charts  and  other  statistical  tools  can  also  be 
used  to  insure  that  the  measurement  pecision  meets  the 
important  criterion  of  being  significantly  less  than  the 
variability  of  the  measured  input.  Figure  1  shows  such  a 
chart  for  the  periodic  calibration  check  of  an  automated 
Dl  water  silica  analyzer.  The  3-sigma  statistical 
control  limits  are  shown  on  either  side  of  the  process 
average.  Only  when  the  calibration  chocks  fall  within 
these  limits  can  the  analytical  results  bo  reliably  used 
for  processing  readiness  decisions,  correlation  of 
processing  problems  to  contaminant  levels,  specification 
setting,  and  control  of  the  water  purification  process.  In 


this  example,  data  collected  between  periodic  checks 
300  and  325  could  be  used  for  processing  decisions  only 
with  caution  since  the  measurement  process  was  out  of 
control  at  that  time,  as  evidenced  by  the  points  lying 
beyond  and  repeatedly  near  the  3-sigma  limits. 
Equipment  adjustments  at  periodic  check  170  led  to 
improved  measurement  precision  as  indicated  by  the 
tightening  of  the  3-sigma  limits. 

The  configuration  of  Di  monitors,  PC  and  facility 
computer  used  at  Honeywell  to  integrate  the  automated 
Dl  water  monitoring  process  into  the  manufacturing 
process  are  illustrated  in  Figure  2.  Analytical  results 
are  collected  from  the  monitoring  equipment  and 
organized  in  real-time  by  the  PC.  A  continuously  updated 
display  on  the  PC  screen  and  pre-set  alarm  levelc 
used  to  contr?!  1C  processing  by  immediately  notifying 
the  operators  when  levels  are  approaching  or  have 
exceeded  the  levels  at  which  processing  must  be  halted. 
Trends  are  easily  observed  by  using  a  graphical  display 
of  current  and  previous  variable  levels  (see  Figure  3). 
Statistical  control  charts  for  the  monitoring  equipment 
can  be  automatically  updated  and  displayed  to  insure  the 
integrity  of  the  measurement  process. 

Data  are  also  transferred  to  the  facility  computer  for 
further  analysis,  historical  data  file  compilation  and 
distribution  to  system  users.  These  historical  files  and 
the  statistical  capabilities  of  the  larger  computer  have 
proven  useful  for  correlating  Dl  water  contaminant 
levels  to  processing  problems.  Such  correlations  form 
the  basis  for  rational  Dl  water  contaminant 
specifications.  New  specifications  are  fed  back  to  the  1C 
processing  area  in  the  form  of  revised  alarm  and  warning 
levels.  Through  this  process,  the  1C  manufacturing 
technology  dependence  of  processing  Dl  water 
specifications  is  elucidated  and  reliance  on  third  party 
specifications  is  avoided.  Figure  4  illustrates  some 
historical  Dl  water  TOC  levels  collected  at  Honeywell 
with  the  high  frequency  sampling  capabilities  of  the 
automated  monitoring  and  data  collection  system.  This 
data  ted  to  a  correlation  between  TOC  levels  and  wafer 
hazing  during  wet  chemical  processing.  Revisions  of 
processing  Dl  water  specifications  could  then  be  made  to 
eliminate  the  problem. 

Automation  and  integration  of  the  Dl  water  monitoring 
process  into  the  1C  manufacturing  process  resulted  in  a 
more  fully  controlled  1C  process  and  nearly  $100,000  in 
annual  system  monitoring  cost  savings  due  to  a  reduction 
in  labor  and  off-site  analytical  fees. 
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Figure  1  Statistical  equipment  control  chart  used  to 
monitor  the  variation  in  the  performance  of  an  on-line  Di 
water  silica  analyzer.  Data  collected  in  period  A  Is 
suspect  since  calibration  checks  fall  outside  and 
repeatedly  near  the  3*sigma  lines.  Adjustment  of  the 
monitoring  equipment  at  B  resulted  in  improved 
measurement  precision  as  evidenced  by  the  tighter 
control  limits. 


◄ - ■  DATA  TRANSFER  AND 

COMMUNICATION  CAPABILITY 


Figure  3.  PC  display  screen  illustrating  the  real-time 
display  capabilities  achieved  by  interfacing  the  PC  to  the 
process  monitors.  The  final  point  of  the  line  (see  arrow) 
represents  the  current  level  of  TOC  in  the  processing  Dl 
line. 
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Figure  2.  Schematic  illustration  of  the  linkage  between 
monitoring  equipment.  PC,  VAX  and  terminals. 


Figure  4.  Dl  water  TOC  levels  over  several  months.  This 
graph  was  constructed  from  data  collected  by  automated 
Dl  water  analysis  equipment  and  archived  on  the  facility 
VAX  computer.  As  noted,  higher  levels  corresponded  to 
periods  of  observed  wafer  hazing  during  wet  chemical 
processing. 
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1  Introduction 

The  recent  ASIC  manufacturing  requires  the  individual 
level  wafer  control  in  order  to  correspond  to  product 
variability  increase.  Automatic  wafer  identification  is  a 
key  technology  for  individual  wafer  control  in  automatic 
ASIC  manufacturing. 

The  conventional  wafer  identification  technology  has 
been  incapable  of  obtaining  sufficient  mark  contrast  on 
inscribed  surfaces  after  such  wafer  processing  steps  as 
deposition  and  etching.  This  is  because  mark  surface 
topography  changes  significantly  after  the  processing 
steps.  Therefore,  in-process  wafer  identification  requires 
more  basic  approach  to  provide  sufficient  contrast.  In  this 
paper,  an  image  processing  system  with  a  diffraction 
grating  mark  and  circular  illuminating  light  is  proposed. 
The  system  achieves  sufficient  contrast  for  in-process  wafer 
identification. 


2  Mark  Contrast 

There  are  two  ways  to  obtain  scribed  mark  contrast:  one 
is  using  a  diffused  reflection  from  irregularly  scribed 
surfaces,  as  with  a  laser  scribing  mark;  the  other  is  using  a 
diffracted  reflection  from  periodical  grating  marks(Fig.l). 
It  is  difficult  to  obtain  sufficient  contrast  for  the  diffused 
reflection  method  because  the  reflected  surface  direction 
changes  with  thin  film  deposition  in  LSI  process.  On  the 
other  hand,  the  diffracted  reflection  method  may  enable  the 
mark  contrast  to  be  controlled  because  the  reflected 
direction  doesn’t  change  even  after  etching  or  deposition  in 
LSI  process.  The  reflected  direction  from  the  grating  mark 
depends  on  only  the  grating  pitch  which  doesn’t  change 
with  the  etching  and  deposition.  Thus  the  diffraction 
grating  mark  is  useful  for  in-process  wafer  identification. 

It  is  difficult  to  obtain  mark  contrast  accurately  from 
optical  characteristics  of  marksfrefiection,  absorptive 
properties),  light  sources(wavelength,  illuminating  power, 
illuminating  time)  and  detectors( sensitivity  etc.).  In  this 
paper,  a  camera  signal  is  used  as  mark  brightness,  the 
brightness  at  a  point  is  defined  by  the  average  of  4  points  on 
neighboring  image  pixels.  Mark  contrast  signal(MCS)  is 
thus  defined  as  follows;  MCS  =  (Imax  -  I)/Imax  (%\  where 
Imax  is  the  maximum  brightness  in  a  considered  mark 
area,  I  is  the  considered  point  brightness.  MCS  represents 
an  index  of  the  contrast  on  an  image  taken  by  a  camera  and 
it  changes  with  factors  such  as  illuminating  power  and 
ti  ine. 


3  Image  Processing 

Image  processing  consists  of  image  input,  orientation- 
flat  detection,  mark  reading,  and  result  output(Fig.2). 

Figure  3  illustrates  the  image  input  system.  This 
consists  of  a  CCD  camera  and  a  circular  illuminating  light. 
Infrared  LEDs  are  used  in  the  circular  light  to  avoid  resist 
exposure.  The  combination  of  a  diffraction  grating  mark 
and  circular  illumination  relieves  the  mark  direction 
constraint.  The  position  of  the  orientation-flat  on  a  wafer- 
circumference  is  detected  by  a  circular  mask  search 
method.  In  this  method,  a  wafer-circumference  curvature  is 
detected  by  a  circular  mask  on  an  input  image(Fig.4). 
Orientation  flat  position  and  its  direction  are  obtained  from 
the  curvature  information.  In  the  mark  reading  process,  a 
floating  threshold  level  resolves  the  brightness  change 
problem  caused  by  different  wafer  surface  conditions.  The 
host  machine  typically  receives  the  wafer  identified  data 
through  an  RS232C  interface. 


4  Experiment 

A  mark  contrast  change  with  wafer  rotation  was 
measured  using  the  system  and  the  contrast  change  was 
confirmed  to  be  within  10%  in  a  complete  rotation,  which 
leads  to  the  advantage  of  identification  without 
mechanical  orientation  alignment. 

Figure  5  shows  the  relationship  between  MCS  and  LED 
current  and  it  is  found  that  MCS  increases  LED  current. 

The  mark  contrasts  was  measured  in  various  samples  on 
which  a  diffraction  grating  mark  was  etched  in  bare  Si 
surface  and  S1O2  film  or  A1  film  were  deposited.  The 
results  indicate  that  the  mark  contrast  is  not  greatly 
influenced  by  a  thin  film  deposition  (Fig. 6).  Furthermore, 
it  was  ascertained  that  the  identification  rate  was 
obtained  more  than  99%  even  for  bare  Si  with  about  45% 
MCS.  The  diffraction  grating  mark  provides  sufficient 
contrast  for  mark  reading  in  thin  film  deposited  wafers. 
Total  identification  time,  from  wafer  arrival  to  reporting 
the  identificated  data,  is  less  than  2  seconds. 


5  Conclusion 

In-process  wafer  ident.fication  has  become  very 
important  in  custom  or  ASIC  semiconductor 
manufacturing.  MCS  whi  :h  is  an  index  of  a  contrast  is 
useful  to  evaluate  an  identification  system.  The 
combination  of  a  diffraction  grating  mark  and  circular 
illumination  provides  a  sufficient  mark  contrast  for 
wafers  undergoing  etching  and  deposition  processes.  The 
developed  wafer  identification  system  makes  it  possible  to 
effectively  read  identification  marks  without  mechanical 
positioning  and  alignment. 
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Fig.2  Wafer  Identification  Process 
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Fuj 1 tsu  Limited 
Kawasaki  Japan 

This  Is  reported  on  the  process  of 
development  of  a  stepper-aligner  system 
which  can  monitor  wafer  flatness  during 
exposure  and  Its  effect.  As  developing 
from  1M  to  4M  and  16M,  finer  pattern  are 
required.  the  numerical  aperture(NA) 
becomes  lager  and  depth  of  focus(DOF)  of 
steppers  becomes  shallower.  DOF  Is  more 
than  4  micron  meters  for  1M-DRAM  at 
present,  but  It  Is  required  to  be  less 
than  2  micron  meters  for  4M-DRAM.  The 
origin  of  wafer  flatness  during  exposure 
are  resist  and  wafer  thickness  variation 
over  topography  surface.  mechanical 
setting  and  flatness  of  vacuum  chuck,  and 
contamination  of  wafer  back  side.  This 
warp  causes  focus  error  and  should  be  as 
small  as  possible.  This  system  we 
developed  can  monitor  the  warp  such  as 
stated  above  In  realtime  and  will 
effectively  help  to  cut  down  the  focus 
trouble  In  production  line. 

[INTRODUCTION]  Recently.  as  the 

Integration  of  devices  Increase  finer 
patterns  are  required  more  and  more.  In 
order  to  achieve  higher  Integration  the 
precision  controll  becomes  more  Important 
In  each  process.  Also  In  photo¬ 
lithography.  NA  of  lens  becomes  lager,  the 
DOF  becomes  severely  shallower.  Thus 
precision  controll  Is  required  not  only 
for  optical  system  but  also  for  chuklng 
condition.  Deposited  films  especially  such 
as  slllclde  make  wafer  warp  by  Inner 
stress  and  nowadays  even  chuck  structureC 
or  method  )  have  to  be  considered.  We  have 
evaluated  the  ability  of  our  system  by 
having  Investigated  the  Influences  of  the 
warp  of  chucks  and  deposited  films  by 
means  of  measurment  of  flatness. 


[SYSTEM]  The  developed  system  consists  of 
stepper -al Igner  and  personal  computer. 
The  stepper  Is  positioned  with  X-Y  stage 
and  ajust  the  focus  by  using  signal  from 
auto-focus  system,  then  wafer  is  exposed 
by  opening  the  shutter.  This  stepper  Is 
partly  reformed  In  order  to  take  out  the  2- 
axls  stage  signal  and  the  shutter  signal. 
The  2-axls  stage  signal  means  position 
signal  of  Z-ax1s  which  follows  to  wafer 
warp  by  auto-focus  system.  Thus  wafer 
setting  condition  con  be  measured  by 
sampling  the  stage  signal.  When  shutter  Is 
opening.  the  personal  computer  picks  up 
this  position  signal  of  Z-axIs  and 

converts  these  signal  from  analogue  to 
digital.  We  con  get  necessary  Information 
by  various  processing  of  data. 


[EXPERIMENT] 

1  CHUCK  EVALUATION  We  hove  applied 
this  system  to  characterlst 1c  evaluation 
of  some  chucks.  Stored  data  are  not 
Inspected  one  by  one.  but  fitted  by  least 
square  method  and  Indicate  the  contour  map 
In  order  to  obtain  the  profile  of  wafer 
surface.  The  relation  between  wafer  warp 
level  and  chucking  condition  Is  easily 
obtained  by  this  method.  This  method 
provides  the  Information  of.  not  only 
chuck  efficiency  but  setting  conditions. 
Figure  1  shows  tlplcal  example. 

2  DEFOCUS  We  have  Investigated  the 
Influence  of  defocus  caused  by  wafer  warp. 
Figure  2  shows  maximum  difference  of  depth 
of  eight  neighbor  shots.  Maximum 
difference  of  depth  of  them  Is  smaller 
than  depth  variation  In  the  shot. 
Therefore,  If  this  value  Is  smeller  than 
the  value  of  DOF  determined  by  optical 
system.  a  focus  error  would  not  occur.  If 
otherwise.  there  would  be  possibilities  of 
some  errors. 

3  PRODUCTION  CONTROLL  We  have  analyzed 
statistically  by  considering  the  data  of 
fifty  wafers.  The  horizontal  axis  In 
figure  3  Is  the  wafer  number  and  the 
vertical  axis  Is  maximum  value  shown  In 
experiment  2.  If  the  dash-doted  line  In 
this  figure  shows  maximum  tolerance  level 
and  where  Is  beyond  this  level.  the 
warning  signal  could  be  generated. 
Checking  this  trend  chart.  We  can  grasp 
the  tendency  of  change  of  slope,  warp,  and 
setting  conditions.  It  will  help  to  find 
the  origin  of  errors,  we  can  prevent  a 
trouble  from  occurring  previously. 


[CONCLUSION]  The  follwlng  conclusion 
can  be  drawn. 

1  This  system  provides  the  data  of 
flatness  of  wafer  under  chucking  and  can 
be  used  to  evaluate  not  only  wafer 
flatness  but  also  the  configuration  of 
vacuum  check  stage. 

2  Setting  condition  are  easily  tested 
and  the  ajustment  will  be  done  In  short 
time. 

3  For  DDF  of  optical  system  which  will 
be  shallower  in  future,  this  system  can  be 
used  to  detect  the  defocus  effectively 
during  exposure. 

4  It  Is  a  recent  tendency  that  the 
production  controll  Is  based  on 
statistical  anallsys.  and  thus  this  system 
can  be  used  as  a  gathering  tool  of  the 
wafer  flatness  data  for  such  statistical 
controll  system. 
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Compositional  Mapping  vith  the  Electron  Micropcobe  and 
Secondary  Ion  Mass  Spectrometry 

Dale  E.  Newbury,  Ryna  B.  Marinenko,  David  S.  Bright, 
and  Robert  L.  Myklebust 

Center  for  Analytical  Chemistry 
National  Bureau  of  Standards 
Gaithersburg,  MD  20899 

Microbeam  analysis  techniques  such  as  electron  probe 
microanalysis  (EPMA)  and  secondary  ion  mass  spectro¬ 
metry  (SIMS)  are  traditionally  used  for  quantitative 
elemental  analysis  at  single  beam  locations  ("point 
analysis”)  or  along  vectors  of  points  [1J.  These  point 
analyses  are  often  augmented  by  images  of  the  specimen 
which  give  some  indicatic"  cf  the  spatial  distribution 
of  the  elemental  constituents.  Images  can  be  prepared 
from  non-characteristic  signals,  such  as  backscattered 
electrons  in  the  EPMA  and  ion-induced  secondary  elec¬ 
trons  in  the  ion  microprobe,  or  from  signals  which  are 
characteristic  of  specific  elements,  such  as  x-rays  in 
the  EPMA  or  secondary  ions  in  the  SIMS  instruments.  For 
scanning  beam  instruments,  the  technique  of  "dot  map¬ 
ping"  is  widely  used  to  produce  images  with  character¬ 
istic  signals.  Because  of  the  relative  paucity  of 
signal,  the  dot  written  on  a  cathode  ray  tube  (CRT) 
scanned  in  synchronism  vith  the  specimen  is  intensity- 
modulated  to  full  brightness  whenever  a  characteristic 
event  is  detected.  This  display  is  then  photographed 
onto  film  to  produce  the  final  image.  While  powerful, 
dot  mapping  suffers  from  several  severe  drawbacks:  (1) 

The  intensity  range  is  one  bit  ("off-on"),  and  no  con¬ 
tinuous  gray  scale  information  is  available.  (2)  The 
count  rate  at  each  beam  location,  which  is  the  basic 
information  needed  for  quantification,  is  lost  in  the 
recording  process,  and  therefore  the  images  are  qualita¬ 
tive  in  nature.  (3)  Dot  mapping  has  limited  sensitivity, 
about  1  weight  percent  of  a  constituent  in  the  best  case 
for  the  EPMA,  and  has  very  poor  contrast  sensitivity. 
Although  the  sensitivity  of  SIMS  is  much  better,  often 
in  the  parts  per  million  or  parts  per  billion  range, 
the  dot  maps  are  still  subject  to  limitations  on  the 
contrast.  (4)  The  image  in  the  form  of  a  photograph  is 
not  amenable  for  subsequent  processing.  In  the  direct 
imaging  ion  microscope,  the  secondary  ion  signal  is 
converted  at  an  imaging  detector  into  a  display  which 
may  be  photographed  or  viewed  by  means  of  a  television 
camera.  These  direct  ion  images  are  again  qualitative 
in  nature,  because  the  fundamental  information  on  the 
count  rate  is  lost  in  the  recording  process. 

The  technique  of  compositional  mapping  overcomes 
most  of  the  limitations  of  qualitative  imaging  by  dot 
mapping  or  direct  ion  imaging.  In  compositional  map¬ 
ping  a  complete  quantitative  analysis  is  performed  at 
each  location  in  an  image.  The  final  image  is  con¬ 
structed  in  a  digital  image  processor  with  a  gray  or 
color  scale  which  is  determined  by  the  actual  concen¬ 
tration  of  a  constituent  and  not  merely  the  raw  signal 
from  the  spectrometer.  The  strategy  for  making  these 
image  arrays  of  quantitative  analyses  differs  according 
to  whether  EPMA  or  SIMS  is  used  [2,31. 

In  EPMA,  the  x-ray  count  rates  for  each  element  of 
interest  are  recorded  in  a  computer  memory  from  the 
wavelength-dispersive  and/or  energy  dispersive  spectro¬ 
meters  as  the  beam  is  digitally  scanned  in  a  matrix  pat¬ 
tern.  All  of  the  steps  necessary  for  conventional  quan¬ 
titative  analysis  are  performed:  deadtime  correction, 
background  correction,  standardization  relative  to  pure 
element  or  compound  standards,  and  matrix  correction  for 
atomic  number,  absorption,  '  id  fluorescence  effects.  In 
addition,  special  procedures  must  be  applied  to  correct 
for  instrumental  artifacts  such  as  spectrometer  defocus¬ 
sing  (2).  The  procedure  for  background  correction  must 
also  account  for  the  special  conditions  imposed  by  the 
act  of  scanning  the  beam  [4J.  After  all  corrections  have 
been  applied,  the  matrices  of  raw  count  rates  are  convert¬ 
ed  into  matrices  of  elemental  concentration  values.  Foe 
maps  with  a  digital  density  of  128x128,  the  data  recording 
time  is  approximately  1  hour  for  major  constituents  (>  10 
veight  percent)  and  10  hours  or  more  for  trace  consti¬ 
tuents  (500  parts  per  million).  Computer  calculations  to 


quantify  the  data  require  less  than  5  minutes. 

The  quantitation  procedure  in  SIMS  uses  the  method 
of  relative  sensitivity  factors.  The  relative  sensitiv¬ 
ity  factor  is  a  ratio  of  measured  instrument  response  on 
one  element  compared  to  a  reference  element,  where  both 
elements  co-exist  in  a  known  multielement  standard.  By 
means  of  this  factor,  the  ratio  of  measured  intensities 
for  the  same  two  species  in  an  unknown  can  be  converted 
into  a  ratio  of  concentrations.  This  procedure  is  car¬ 
ried  out  on  a  pixel-by-pixel  basis  in  the  digitized  ion 
images  to  yield  the  compositional  maps.  Different  pro¬ 
cedures  for  digitization  of  the  ion  images  are  used  in 
the  ion  microprobe  and  ion  microscope.  In  the  ion  micro¬ 
probe,  the  ion  count  rate  at  each  beam  position  can  be 
digitized  directly  from  the  pulse-counting  multiplier 
detector.  In  the  direct  imaging  ion  microscope,  a  true 
mass-filtered  secondary  ion  image  is  produced.  The 
analytical  strategy  requires  first  that  the  ion  inten¬ 
sity  measured  at  the  image  detector  be  converted  into 
the  equivalent  ion  count  as  detected  at  the  pulse  count¬ 
ing  electron  multiplier  [3).  The  individual  ions  which 
comprise  the  image  may  be  counted  with  a  positionally 
sensitive  direct-to-digi tal  detector  such  as  the  resist¬ 
ive  anode  encoder  [5],  or  the  ion  signal  may  be  converted 
to  light  at  a  phosphor  screeen  and  viewed  with  a  TV 
camera.  For  the  TV  camera  images,  conversion  to  ion 
counts  is  accomplished  by  means  of  a  calibration  curve 
determined  on  a  homogeneous  target.  Experiments  have 
shown  that  the  imaging  detector  response  curve  depends 
strongly  on  the  specific  ion  species,  so  that  an  appro¬ 
priate  response  curve  must  be  determined  { 3 J .  The  light 
intensity  measured  by  the  TV  camera  is  digitized  by  com¬ 
puter  and  converted  into  equivalent  ion  counts  with  the 
response  curve. 

Once  the  compositional  maps  have  been  determined 
by  EPMA  or  SIMS,  the  concentration  data  can  be  convert¬ 
ed  into  images  by  assigning  a  gray  or  color  scale  to 
the  numerical  values  and  displaying  the  result  on  a 
digital  image  processor.  In  this  digital  form,  computer 
-aided  imaging  techniques  can  be  used  to  enhance  the 
contrast  of  the  chemical  microstructure  to  render  it 
more  easily  visible  to  an  observer.  A  wide  variety  of 
image  processing  functions  is  available  for  this  task, 
including  several  developed  specifically  for  microstruc- 
tural  analysis  1 6 ] .  The  great  power  of  compositional 
mapping  derives  from  this  combination  of  the  image  infor¬ 
mation,  where  spatial  inter-relationships  can  be  readily 
recognized,  and  numerical  concentration  data  (with  the 
statistics  of  measurement)  available  at  every  pixel  for 
subsequent  interrogation. 

The  EPMA  and  SIMS  compositional  mapping  techniques 
are  mutually  complementary,  vith  the  weaknesses  of  one 
being  offset  by  the  strengths  of  the  other.  EPMA  offers 
highly  accurate  quantitation  (*-  2 X  relative)  with  simple 
elemental  standards  and  a  wide  variety  of  associated 
morphological  and  structural  imaging  techniques.  How¬ 
ever,  it  has  poor  sensitivty  for  elements  below  atomic 
number  11,  and  is  inherently  a  slow  process.  Trace 
level  images  at  sensitivities  of  a  few  hundred  ppm  re¬ 
quire  10  hours  or  more.  SIMS  provides  extraordinary 
sensitivity  in  the  ppm  or  ppb  range  for  many  elements, 
with  especially  good  sensitivity  for  the  light  elements. 
Trace  level  images  can  often  be  obtained  in  10  seconds. 
Quantitation  of  SIMS  images  is  subject  to  far  greater 
uncertainties  than  EPMA.  By  applying  a  combination  of 
EPMA  and  SIMS  compositional  mapping,  many  problems  in 
materials  science  ca~  be  solved. 
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Neutron  activation  analysis  (NAA)  is  one  of 
a  number  of  methods  of  elemental  analysis 
that  have  been  applied  to  the  characteriza¬ 
tion  of  silicon  and  other  materials  important 
in  the  electronics  industry.  With  the  ready 
availability  of  high-purity  silicon,  little 
characterization  of  substrate  material  needs 
to  be  done,  by  NAA  or  other  methods,  for  the 
fabrication  of  present-day  microcircuit  devi¬ 
ces.  As  the  density  of  devices  increases, 
however,  higher  material  purity  will  become 
necessary  for  good  yield,  so  that  there  will 
continue  to  be  a  need  for  increasingly  sensi¬ 
tive  analytical  techniques  to  solve  research 
and  production  problems.  It  is  the  purpose 
of  this  paper  to  point  out  some  recent  non- 
traditional  applications  of  NAA,  as  well  as 
to  discuss  its  use  in  general. 

Neutron  activation  and  other  nuclear  methods 
of  analysis  offer  a  number  of  differences 
from  methods  based  on  chemical  reactions  or 
other  atomic  phenomena.  Some  of  these  dif¬ 
ferences  are  advantageous  in  solving  research 
and  development  problems: 

1. 

The  combination  of  simple  physics  and  highly 
penetrating  probe  and  indicator  radiations 
make  NAA  substantially  free  from  systematic 
errors  related  to  the  chemical  nature  of  the 
sample.  Interfering  nuclear  reactions  can 
be  enumerated  by  inspection  of  a  table  of 
nuclides.  Interferences  can  be  detected  and 
corrections  made  whenever,  as  is  often  the 
case,  multiple  activation  products  or  multi¬ 
ple  gamma  lines  are  available.  Qualitative 
identification  of  nuclides  from  gamma  ray 
energies  gives  assurance  that  the  nuclide 
measured  is  indeed  the  one  intended. 

2. 

Nuclear  methods  are  complementary  to  atomic 
methods  in  that  the  physical  phenomena  and 
experimental  procedures  'mployed  are  so  dif¬ 
ferent  that  common  sources  of  systematic  er¬ 
rors  are  improbable.  For  example,  if  NAA 
and  atomic  absorption  spectroscopy  agree, 
it  is  probable  that  both  are  correct. 

3. 

NAA  is  free  from  reagent  blank  and  other 
problems  related  to  sample  dissolution. 

Many  major  elements  used  in  electronics  -- 
H,  C,  N,  0,  and  Si  --  produce  little  or  no 
radioactivity  on  neutron  irradiation  so  that 
matrix  interferences  are  small.  Even  when 
post - i rrad i at  ion  radiochemical  separations 
are  performed  to  free  the  nuclide  of  interest 
from  a  radioactive  matrix,  contamination  by 
stable  isotopes  of  the  sought-for  clement 
is  un important . 


4. 

Since  radioactive  decay  and  detection  are 
digital  processes,  an  estimate  of  the  analy¬ 
tical  precision  is  obtained  from  the  Poisson 
statistics  of  counting.  A  simple  t  test 
between  duplicates  shows  whether  there  are 
additional  random  errors  in  the  measure¬ 
ment  process. 

5. 

As  many  as  twenty  elements  can  be  determined 
in  a  single  sample.  A  gamma  ray  spectrum 
contains  lines  from  all  gamma  emitters  present, 
ensuring  that  no  components  are  overlooked 
because  they  were  not  searched  for. 

6. 

Finally,  neutron  activation  analysis  is  one 
of  the  few  methods  available  with  sufficient 
sensitivity  for  determinaing  picogram  quan¬ 
tities  of  many  elements. 

The  broad  elemental  coverage,  nondestructive 
nature,  and  high  sensitivity  of  NAA  have 
made  it  useful  for  bulk  analysis,  and  also 
for  some  specialized  problems.  The  most 
common  application  of  neutron  activation  to 
electronics  materials  has  been  the  measurement 
of  trace  (/*g/g)  and  ultratrace  Cng/g)  concen¬ 
trations  of  impurity  elements  in  bulk  silicon 
and  other  materials.  Applications  have  been 
made  to  the  determination  of  minor  (percent! 
and  major  components  as  well,  and  to  the 
analysis  of  thin  films. 
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Physical  and  chemical  diagnostic  techniques  seek  to 
explain  the  electrical  properties  of  semiconductor  ma¬ 
terial  from  an  atomic  perspective.  Such  direct  mea¬ 
surements  are  often  less  sensitive  to  defect  structure 
than  actual  device  parameters  due  to  their  finite  spacial 
resolution  and  sensitivity.  Therefore  synergistic  use  of 
physical,  chemical  and  electrical  diagnostics  is  normally 
required  for  an  understanding  of  the  role  of  materials  in 
device  performance.  The  cross  correlation  of  physical, 
chemical  and  electrical  data  to  explain  device  perfor¬ 
mance  requires  an  understanding  of  the  strengths  and 
limitations  of  the  various  diagnostic  techniques.  The 
purpose  of  this  paper  is  to  provide  the  required  per¬ 
spective  for  synergistic  use  of  data  from  backseat  ter  ing 
spectroscopy. 

Backseat tering  spectroscopy  measures  the  masses 
of  impurities,  the  depth  distribution  of  impurities  and 
the  stoichiometry  of  compound  layers  [1].  For  helium 
backscattering  quantitative  results  are  derived  from  fun¬ 
damental  physical  principals  and  well  known  parame¬ 
ters  such  that  five  percent  accuracy  is  attainable  with¬ 
out  standards.  Channeling  experiments  probe  the  depth 
distribution  of  disorder  and  the  lattice  position  of  im¬ 
purities.  Extremely  accurate  and  sensitive  surface  anal¬ 
ysis  is  also  possible  using  backscattering  spectroscopy. 
Finite  mass  resolution  and  poor  sensitivity  for  light  ele¬ 
ments  in  a  more  massive  matrix  are  the  primary  weak¬ 
nesses  for  backscattering  spectroscopy. 

Since  the  depth  scale  for  depth  profiles  is  based  upon 
a  knowledge  of  stopping  powers  rather  than  ion  sput¬ 
tering  rates,  buried  interfaces  are  less  likely  to  be  dis¬ 
torted  using  backscattering  depth  profiles.  Moreover, 
the  backscattering  cross  sections  do  not  exhibit  matrix 
dependence.  Therefore  multilayer  depth  profiles  can 
be  done  without  complex  calibration  for  each  type  of 
layer.  An  example  of  the  depth  profile  for  a  multilay¬ 
ered  molybdenum-copper  metalization  scheme  is  shown 
in  Fig.  1. 

The  extraction  of  diagnostic  information  from  back- 
scattering  spectroscopy  requires  expert  interpretation  of 
the  data  and  clear  presentation  of  that  interpretation 

(2).  There  is  a  need  for  communication  between  experts 
in  device  performance  and  the  expert  in  backscatter¬ 
ing  spectroscopy  which  can  be  satisfied  in  part  through 
computer  programs.  Interpretation  of  a  backscattering 
spectrum  faces  a  critical  ambiguity  because  the  energy 
axis  is  a  convolution  of  the  distribution  of  masses  and 
depth  distributions  of  masses.  Therefore,  there  is  not 
a  unique  explanation  for  any  one  backscattering  spec¬ 
trum.  Since  backscattering  spectroscopy  is  a  diagnostic 


technique  with  a  firm  basis  in  physical  principals  and 
well  known  par?~.eters,  model  spectra  can  be  readily 
computed  [3,4].  The  accuracy  of  model  spectra  is  clear 
when  they  are  used  to  predict  results  and  design  experi¬ 
ments.  Because  of  the  mass/depth  distribution  ambigu¬ 
ity  a  high  quality  of  fit  between  a  model  spectrum  and 
an  experimental  spectrum  is  a  necessary  condition  for 
the  validation  of  sample  analysis  but  it  is  not  a  sufficient 
condition  [5]. 
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Tig.  1  A  depth  profile  derived  from  a 
backscattering  spectrum.  The  layers 
are  silicon  dioxide (2.32  g/cc) ,  moly¬ 
bdenum  (10.  2  g/cc) ,  copper (8. 96  g/cc), 
and  molybdenum.  Layer  thicknesses  were 
selected  to  allow  the  mass  resolution 
needed  to  study  interdiffusion. 
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The  role  of  hydrogen  in  thin  films  is 
discussed  and  illustrated.  The  fact  that 
hydrogen  is  commonly  present,  very  mobile, 
and  chemically  active,  results  in  hydrogen 
having  many  interesting  effects  on  the 
properties  of  thin  film  materials,  including 
changes  on  the  electrical,  chemical, 
physical,  and  mechanical  properties  of  some 
films.  Nuclear  reaction  analysis  for 
hydrogen  is  described  and  examples  of  the 
various  effects  hydrogen  can  have  are 
briefly  illustrated. 

Until  recently,  analysis  for  hydrogen 
in  materials,  especially  thin  film 
materials,  has  been  notoriously  difficult; 
most  traditional  methods  of  analysis  are 
blind  to  hydrogen.  Because  of  this ,  the 
possible  presence  and  effects  of  hydrogen  in 
materials  had  been  largely  ignored. 

However,  with  the  development  and 
utilization  of  nuclear  reaction  analysis 
(NRA)  and  improved  methods  of  secondary  ion 
mass  spectrometry  (SIMS) ,  hydrogen  has 
become  the  focus  of  a  wide  range  of  studies 
in  a  variety  of  materials.  From  these 
studies,  it  has  become  apparent  that 
hydrogen  plays  a  number  of  unique  and 
interesting  roles  deserving  increased 
attention. 

In  retrospect,  the  features  that  make 
hydrogen  unique  and  interesting  are  not  very 
surprising. 

First,  experience  of  the  last  decade 
indicates  that  hydrogen  is  a  very  common 
contaminant,  perhaps  the  most  common 
elemental  contaminant.  This  is  especially 
true  when  considering  thin  film  materials 
which  are  made  by  vacuum  deposition  (where 
most  of  the  residual  gases  in  the  deposition 
contain  hydrogen) ,  or  chemical  vapor 
deposition  (where  hydrogen  containing 
carrier  gases  are  universally  used)  or  by 
electrodeposition  (where  solutions  of 
hydrogen  containing  liquids  are  used) .  Even 
films  that  are  grown  without  hydrogen  often 
become  "contaminated"  upon  brief  exposure  to 
air  (or  poor  vacuum,  during  transfer  to 
another  chamber. 


Second,  in  most  solids,  hydrogen  is  by 
far  the  most  mobile  element  by  many  orders 
of  magnitude.  For  example,  the  room 
temperature  diffusion  coefficient  for 
hydrogen  in  many  metals  is  on  the  order  of 
10“5  cm2/sec,  which  is  typically  10  to  20 
orders  of  magnitude  larger  than  the 
diffusion  coefficients  for  other  common 
contaminants  such  as  c,  N  and  O.  This  large 
diffusion  coefficient  means  that  if  hydrogen 
is  available  at  the  surface  of  a  material, 
it  is  often  available  throughout  the  bulk  in 
very  short  times.  Hence,  in  some 
situations,  one  should  consider  hydrogen  as 
one  of  the  components  of  the  material,  not 
simply  as  a  possible  contaminant. 

Third,  the  hydrogen  atom  is  chemically 
very  versatile.  If  it  either  takes  up  one 
electron  or  gives  up  one  electron,  its 
atomic  electrons  form  a  completely  full  or  a 
completely  empty  major  shell.  Hence,  it  is 
happy  to  react  with  elements  on  either  side 
of  the  periodic  table  of  the  elements.  in 
electronic  sense,  ‘-bat  means  hydrogen  can  be 
either  a  donor  or  acceptor;  in  a  more 
general  materials  sense,  that  means  that 
hydrogen  will  readily  react  with  most  any 
dangling  bond. 

Because  of  the  above,  hydrogen  has 
effects  on  a  remarkable  range  of  material 
characteristics  including:  effects  on  the 
electrical  properties  of  semiconductors 
(e.g.  passivating  electrically  active 
dopants  in  crystalline  semiconductors) , 
effects  on  the  mechanical  properties  of 
metals  (e.g.  hydrogen  embrittlement) , 
effects  on  the  chemical  properties  of  plasma 
deposited  materials  (e.g.  the  relationship 
between  etch  rate  and  hydrogen  content  of 
plasma  deposited  silicon  nitride) ,  effects 
on  transport  properties  of  atoms  in  solids 
(e.g.  the  dramatic  decrease  of 
electroraigration  and  interdiffusion  of 
metals  in  hydrogen  gas) ,  and  the  ability  of 
hydrogen  to  "terminate"  surfaces  or 
interfaces.  The  above  is  but  a  partial 
list;  others  in  the  field  would  likely 
suggest  a  different  group  of  generic  effects 
as  well  as  different  specific  examples. 

Nuclear  reaction  analysis  for  hydrogen 
will  be  briefly  described  along  with  some  of 
the  examples  listed  above. 
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Accelerator  Mass  Spectrometry  (AMS) 
has  become  the  method  of  choice  for 
measurements  of  isotopic  ratios  in  solid 
samples  at  abundance  sensitivities  below 
1  ppb.  Originally  proposed  as  a  possible 
alternative  to  conventional  beta  decay 
counting  for  carbon  dating  of  small  samples 
(1,2),  AMS  has  evolved  significantly  in  the 
last  decade,  and  now  includes  applications 
in  a  variety  of  disciplines  including 
archeology,  hydrology,  oceanography,  etc. (3) 
The  method  utilizes  high  energy  particle 
acceleration  techniques  to  remove  common 
sources  of  interference  and  background 
present  in  conventional  mass  spectrometers 
and  involves  several  stages,  including 
ionization,  acceleration,  analysis  and 
detection  steps. 

To  date  the  technique  of  AMS  has 
been  applied  almost  exclusively  to  the  study 
of  radioisotopes,  primarily  due  to  an 
interest  in  using  isotopic  ratios  as 
chronological  markers  in  a  variety  of 
fields.  The  results  of  these  works  have 
been  quite  impressive,  with  removal  of  all 
typical  sources  of  mass  spectrometric 
interference  (molecular  ions,  multiply 
charged  particles,  scattered  ions,  etc.)  as 
well^ts  demonstrations  of  ratios  as  low  as 
BxlO-1®  in  some  cases(4).  The  method  in 
principle  is  applicable  to  the  study  of 
stable  elements  as  well  as  radioisotopes, 
but  these  applications  have  not  been 
extensively  explored  yet.  A  method  of 
impurity  detection  in  solid  samples  with 
detection  limits  in  the  parts  per  trillion 
(ppt)  range  and  no  sources  of  spectral 
interference  would  have  immediate 
application  in  a  variety  of  fields, 
including  electronic  materials. 

A  schematic  for  a  typical  AMS 
system  is  shown  in  Fig.  1,  which  is  a 
diagram  for  the  NSF  Regional  Facility  for 
Radioisotope  Dating  at  the  Univ.  of  Arizona. 
Most  AMS  instruments  consist  of  5  sections, 
including  1)  a  method  for  producing  negative 
ions  from  the  sample  of  interest,  2)  a  pre¬ 
injection  analysis  (typically  through 
momentum  analysis  by  a  magnet)  to  remove 
unwanted  beams  generated  during  the  initial 
ionization  process,  3)  acceleration  and 
charge  exchange  during  passage  through 
the  tandem  accelerator,  4)  post-acceleration 
analysis  of  the  resultant  positive  ions,  and 
5)  detection  of  the  surviving  ions. 
Optimization  of  each  stage  is  important 
for  effective  stable  element  analysis. 

During  the  acceleration  stage 
injected  negative  ions  are  accelerated  by 
the  high  voltage  at  the  center  of  the  tandem 
at  which  point  they  pass  through  either  a 
thin  C  foil  or  a  region  of  moderate  gas 
pressure.  Several  electrons  are  stripped 
from  the  negative  ions  through  collisions  in 
the  stripper  region  and  the  resultant 
positive  ions  are  accelerated  away  from  the 
high  positive  potential,  gaining  an  energy 
QeV  after  stripping,  where  Q  is  the 
particle  charge  state,  e  is  the  electronic 
charge,  and  V  is  the  terminal  voltage.  This 
step  removes  the  most  common  sources  of 
interference  in  conventional  mass  spectrom¬ 


eters.  For  instance,  molecular  ions  with 
charge  states  >2  (and  -2  in  some  cases (5)) 
are  unstable  due  to  Coulomb  repulsion,  and 
post-analysis  of  ions  with  Q>2  guarantees 
the  absence  of  molecular  peaks  in  the 
spectra.  Analysis  of  the  molecular  frag¬ 
ments  is  possible  but  their  kinematic 
properties  will  now  be  different  (in  almost 
all  cases)  from  the  elemental  ion  of 
interest. 

Table  I  lists  the  results  of 
several  studies  of  stable  element  impurities 
in  materials  using  AMS.  The  terminal 
voltage  used  for  these  measurements  was  <3 
MV  in  all  cases.  At  present  the  detection 
limits  are  defined  by  impurities  deposited 
on  the  sample  during  the  sputtering 
process,  and  a  redesign  of  some  ion  source 
components  is  necessary  to  achieve  ppt  level 
detection. 

In  principle  this  technique  is  also 
capable  of  depth  profiling,  similarly  to 
SIMS,  by  monitoring  the  detected  count  rate 
as  a  function  of  time  as  the  sputtering  beam 
erodes  the  sample.  This  capability  has 
been  investigated  at  the  University  of 
Arizona  facility  by  analyzing  a  5  um  thick 
Ge  doped  Si  layer  on  a  Si  substrate (6) . 
Fig.  2  shows  the  results  of  both  SIMS  (as 
measured  on  a  Cameca  IMS-3 f  system)  and  AMS 
profiles  of  the  mass  72  signal.  The  AMS  data 
show  the  expected  Ge  level  (-2.8x10  )  in 
the  layer,  while  the  SIMS  signal  is 
dominated  by  the  presence  of  an  Si?0 
molecular  interference.  The  slight  signal 
due  to  the  Ge  doping  can  be  seen  in  the  top 
5  um.  The  slow  fall  of  the  AMS  Ge  signal 
is  due  to  interface  smearing  produced  by 
the  static  Cs  beam  (the  Arizona  system 
does  not  have  raster ing  capability  for 
the  incident  Cs  beam) . 

An  instrument  devoted  to  AMS  would 
appear  to  be  increasingly  competitive  with 
SIMS  instrumentation  for  analysis  of  stable 
elements  in  electronic  materials.  Detection 
limits  <  1  ppb  have  been  demonstrated,  and 
ppt  level  capability  is  possible  through 
careful  attention  to  contamination  sources. 
System  efficiencies  for  AMS  are  comparable 
to  SIMS  in  most  cases,  and  will  be  substan¬ 
tially  better  than  SIMS  in  the  measurement 
of  elements  with  significant  mass  interfer¬ 
ences.  Depth  profiles  of  shallow  and  deep 
structures  are  possible  without  the  compli¬ 
cated  high  mass  resolution  apparatus 
required  on  SIMS  systems. 
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Fig.  1  -  Schematic  diagram  of  the  experimen¬ 
tal  AMS  apparatus  at  the  Univ.  of  Arizona. 
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Fig.  2  -  SIMS  and  AMS  depth  profiles  of  the 
mass  72  signal  from  a  5  um  thick  Ge  doped  Si 
epitaxial  layer  on  an  undoped  Si  substrate. 
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I.  Introduction.  Contamination  control  in  all  aspects  of 
semiconductor  fabrication,  beginning  with  the  substrate 
materials  themselves,  continuing  through  various  process¬ 
ing  steps,  and  extending  to  the  study  of  thin-film 
depositions,  is  crucial  to  the  successful  fabrication  of  ultra- 
large  scale  integrated  (ULSI)  circuits.  As  device  sizes 
shrink  both  laterally  and  in  depth,  increasing  strain  is 
being  placed  on  analytical  techniques.  The  ability  to 
analyze  for  trace  impurities  in  small  sample  volumes  (e.g., 
single  monolayers  with  10p  x  lOp  lateral  dimensions  or 
109  atoms  total)  is  critically  dependent  upon  two  para¬ 
meters  -  discrimination  and  useful  yield.  Discrimination 
allows  the  identification  of  part  per  billion  (ppb)  trace 
impurities  against  the  large  bulk  signal.  Useful  yield  is 
defined  here  as  a  total  instrument  transmission  number  - 
atoms  detected  per  atom  removed.  High  useful  yields  are 
required  in  order  that  analyses  can  be  accomplished  at 
trace  levels  of  impurity  atoms  with  minimal  sample 
consumption. 

Recently,  significant  research  activity  has  been  directed  at 
the  technique  of  Secondary  Neutral  Mass  Spectrometry 
(SNMS).1'2  This  technique  utilizes  the  secondary  neutral 
sputtered  fraction  for  analysis.  SNMS  under  certain 
conditions  can  provide  dramatic  increases  in  both  useful 
yield  and  quantitative  analysis.’-5  These  increases  are 
the  direct  result  of  the  proclivity  of  the  sputtering  process 
to  produce  ground  state  neutral  >toms  rather  than  ions.® 
The  detection  of  the  major  sputtering  products  allows  for 
substantially  higher  useful  yields.3  This  paper  will  center 
on  the  use  of  lasers  to  ionize  and  then  detect  the 
sputtered  neutral  particles. 

Laser  ionization  of  the  neutral  fraction  of  sputtered 
particles  can  be  extremely  efficient.3'5  Moreover,  in  laser 
postionization  SNMS  the  matrix  dependence  of  the 
ionization  process  is  removed  allowing  calibration  in  many 
cases  to  be  much  easier.3  Basically,  laser  ionization 
SNMS  can  be  grouped  into  two  rather  artificial  divisions  - 
resonant3'8  and  nonresonant9  ionization.  The  terms, 
resonant  and  nonresonant,  refer  to  the  atomic  absorption 
spectroscopy  of  the  sputtered  atoms.  When  at  least  one  of 
the  laser  colors  is  carefully  chosen  to  match  an  absorption 
frequency  of  the  atom  of  interest,  the  measurement  is 
referred  to  as  "resonant."  In  this  situation,  much  lower 
laser  intensities  are  required  and  efficient  ionization  can 
be  accomplished  over  relatively  large  laser  volumes. 
Resonant  laser  ionization  can  be  extremely  discriminative 
with  a  single  component  of  the  sputtered  flux  alone  being 
ionized.  Nonresonant  ionization  is  generally  accomplished 
with  an  intense  fixed-frequency  laser  This  process 
generally  is  less  efficient  and  laser  volumes  need  to  be 
smaller  in  order  to  increase  input  intensities.  With  these 
caveats,  even  nonresonant  ionization  can  for  many 
elements  achieve  saturation.10  Nonresonant  ionization 
generally  does  not  substantially  add  to  the  discrimination 
of  the  laser  ionization  SNMS  mass  spectrometer  but  rather 


ionizes  to  some  extent  all  the  constituents  of  the  sputtered 
flux. 

This  paper  emphasizes  resonant  laser  ionization  since 
trace  surface  analysis  requires  the  enhanced 
discrimination  and  useful  yield  which  this  technique 
provides.  Indeed,  the  removal  of  isobaric  overlaps  at  the 
500  ppt  level  has  already  demonstrated  the  inherent 
discrimination  which  resonance  ionization  spectroscopy 
laser  ionization  SNMS  provides.3  5  7  Furthermore, 
demonstrated  sensitivity  at  the  =100  ppt  level  with  a  noise 
equivalent  level  of  >30  ppt  indicates  the  power  of  these 
measurements.8  This  is  not  to  imply  that  this  method  is  the 
optimal  choice  for  all  analysis.  Each  technique  has  a 
particular  set  of  advantages  and  disadvantages  meaning 
that  the  technique  of  choice  must  be  matched  to  the 
problem  of  interest.  The  SARISA  technique  is  suited  for 
analysis  of  this  important  class  of  analytical  problems.  The 
high  useful  yield  and  discrimination  of  SARISA  has  allowed 
Fe  analysis  of  Si  substrates  at  the  500  ppt  level  in  a  single 
monolayer.3  The  ability  of  SARISA  to  detect  neutral  atoms 
significantly  reduces  the  artifactual  effects  of  oxygen,  and 
the  use  of  resonance  ionization  eliminates  problems  with 
isobaric  overlaps. 

Depth  profile  studies  of  the  concentration  of  56Fe  in 
several  different  Si  samples  are  displayed  in  Figs.  1  and  2. 
Before  describing  the  samples  themselves,  it  is  useful  to 
contrast  the  depth  profiling  method  used  in  SARISA 
measurements  as  opposed  to  the  method  normally  used  in 
a  SIMS  experiment.  Because  SARISA  measurement  of  the 
concentration  of  trace  constituents  is  made  with  removal  of 
only  a  small  fraction  of  a  monolayer,  it  is  necessary  to 
combine  the  pulsed  ion  beam  techniques  of  SARISA 
measurement  and  a  continuous  but  rastered  ion  beam  for 
sample  removal.  Thus,  the  symbols  displayed  in  Figs.  1 
and  2  are  individual  concentration  measurements  made 
with  a  lateral  area  of  0.0225  mm2  and  with  a  removal  of  0.1 
ML  at  most.  Between  measurements  a  rastered  ion  beam 
(4  mm2)  was  US0q  t0  profile  into  the  substrate,  thus 
establishing  the  depth  scale  of  the  two  graphs. 

Figure  1  depicts  the  Fe  concentration  of  an  oxygen 
implanted  Si  sample.  The  implant  dose  was  2  x  101® 
atoms/cm2  at  170  keV.  The  sample  was  subsequently 
annealed  at  900°C  for  to  hrs.  The  Fe  profile  in  this  sample 
is  quite  interesting.  First  and  foremost,  the  concentration 
of  Fe  in  this  sample  is  extremely  high,  peaking  at  20  ppm. 
The  shape  of  the  impurity  profile  is  also  unusual.  The  dip 
in  the  concentration  at  7  x  10'2  p  is  near  the  native 
Si02/Si  interface  in  this  sample.  Moreover,  the  Fe  profile 
in  the  1 0' 2  to  10^  p  depth  range  closely  follows  the 
expected  O2*  implant  concentration. 

If  the  Fe  in  the  sample  arrived  during  the  high  dose 
implant,  one  can  determine  that  the  efficiency  of  Fe  atom 
arrival  per  O  atom  is  about  10' 5,  This  is  not  an 
unreasonable  amount  to  arrive  from  apertures  in  the 
implanter  itself.  Other  processes  might  also  be  involved 
The  Fe  impurity  profile  immediately  following  Fe 
introduction  would  be  a  high  concentration  located  very 
near  to  the  sample  surface  since  low  energy  Fe  atoms 
would  not  penetrate  the  sample  surface.  Subsequent 
annealing  of  the  sample,  however,  may  allow  Fe  atoms  to 
freely  diffuse  in  the  Si  substrate  The  depth  p.otila 
presented  in  Fig.  1  gives  strong  evidence  that  the  Fe 
tends  to  migrate  lo  O-rich  regions 


The  mobility  of  Fa  in  Si  is  demonstrated  in  Fig.  2.  This 
sample  was  treated  under  identical  conditions  to  one 
shown  in  Fig.  1  except  for  an  additional  step.  This  step 
was  the  growth  of  a  0.38  p  epitaxial  Si  layer.  A  shallow 
depth  profile  of  this  epitaxial  region  clearly  shows  the 
presence  of  a  substantial  Fe  impurity  content.  This  may  be 
the  result  of  the  relatively  low  solubility  of  Fe  in  Si. 

V.  Conclusions.  The  usefulness  of  laser  ionization 
sputtered  neutral  mass  spectrometry  has  at  present  been 
clearly  demonstrated  in  several  laboratories.  While  a 
complex  analysis  tool,  laser  ionization  SNMS  provides  at 
once  a  high  useful  yield  and  highly  discriminative  analysis 
technique  which  can  provide  unique  analysis  for  many 
systems.  The  laser  ionization  SNMS  tool  represents  a  2-3 
order  of  magnitude  increase  in  sensitivity  for  samples  of 
limited  size  such  as  monolayer  films.  In  the  near  future,  we 
expect  laser  ionization  SNMS  to  take  'ts  place  among 
specialized  tools  available  to  the  analyst. 
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Fig.  1.  A  depth  prufile  of  the  Fe  concentration  in  a  Si 
substrate.  The  substrate  was  prepared  by  an 
oxygen  implantation  at  170  keV  of  2  x  1018  atoms 
per  cm2.  Subsequently  the  sample  was  annealed 
at  900°C  for  10  hrs.  The  surface  silicon  oxide  layer 
was  =78  x10‘3p. 


Depth  (n) 

Fig.  2.  A  depth  profile  of  the  Fe  concentration  in  a  Si 
subslrate.  The  substrate  was  prepared  by  an 
oxygen  implantation  at  170  keV  of  2  x  1 0 1  ®  atoms 
per  cm2.  Subsequently,  the  sample  was  annealed 
at  900”C  for  10  hrs.  Following  annealing,  a  0.38  p 
thick  epitaxial  layer  of  Si  was  grown  on  the  surface 
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In  recent  years,  the  need  for  a  quantitative  surface  and 
thin  film  analytical  technique  has  prompted  progress  in  the 
field  of  Secondary  Neutral  Mass  Spec-rometry  (SNMS).  This 
technique  involves  the  sputtering  of  the  surface  by  ion 
bombardment,  followed  by  post-ioni2**rion  of  the  ejected 
neutrals.  Since  the  sputtering  and  ionization  processes  are 
decoupled,  matrix  effects  which  are  known  to  hinder 
quantitation  in  SIMS,  are  avoided.  A  high  density  plasma 
is  used  for  sputtering  in  one  mode  of  operation,  providing 
a  high  sample  current  density.  As  a  result,  high  sputtering 
rates  may  be  achieved,  even  at  very  low  sputtering 
potentials,  thus  minimizing  problems  such  as  ion-induced 
mixing  and  "knock-on"  effects. 

SNMS  is  ideally  suited  to  the  quantitative  compositional 
analysis  as  a  function  of  depth  of  A1  Ga.  As  material 
systems.  Relative  ion  yields  are  found  to  be  independent 
of  the  A1  concentration,  x.  This  technique  is  also  very 
useful  for  the  analysis  of  thin  film  and  bulk  superconductor 
materials.  Recent  results  in  these  areas  of  application  are 
discussed. 
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Semiconductor  interfaces  are  of  central 
importance  in  solid  state  physics  and  device 
technology.  However,  the  experimental 
investigation  of  semiconductor  interface 
electronic  structure  is  complicated  by  the 
necessity  to  probe  subsurface  properties. 
Further,  conventional  interface  diagnostic 
methods  measure  only  a  spatial-average  of 
interface  properties.  A  new  technique, 
Ballistic-Electron-Emission  Microscopy 
(BEEM) ,  for  spatially-resolved  spectroscopic 
investigation  of  subsurface  interface 
properties  has  recently  been  developed.  BEEM 
enables,  for  the  first  time,  nanometer- 
resolution  imaging  of  electronic  structure  at 
subsurface  interfaces.  BEEM  has  been 
demonstrated  by  direct  investigat  ion  of 
important  meta 1 -semiconductor  Schottky 
barrier  interfaces. 

The  BEEM  method  combines  Scanning 
Tunneling  Microscopy  (STM)  [1]  techniques 
with  unique  ballistic  electron  spectroscopy 
capabilities  to  enable  probing  of  subsurface 
properties.  Elastic  tunneling  of  electrons 
between  the  STM  tunnel  tip  and  the  structure 
under  study  results  in  the  injection  of 
ballistic  electrons  into  the  structure.  The 
injected  ballistic  electrons  propagate 
through  the  structure  and  probe  subsurface 
properties.  BELM  may  probe  subsurface 
structure  at  depths  greater  than  100  -  300A 
since  typical  ballistic  electron  attenuation 
lengths  in  metals  and  semiconductors  are 
greater  than  100  A.  Figure  1  shows  energy 
band  diagrams  for  application  of  the  BEEM 
method  to  a  meta 1 -semiconductor  Schottky 
barrier  heterostructure.  In  this  three- 
terminal  configuration,  electrodes  are 
attached  to  the  STM  tunnel  tip,  the  metal 
film  (base),  and  to  the  semiconductor 
collector.  For  base-tip  bias,  V,  less  than 
the  Schottky  barrier  height,  v^,  there  will 
be  no  collector  current,  since  the  ballistic 
electron  distribution  has  insufficient  energy 
to  surmount  the  energy  barrier.  However,  if 
V  exceeds  as  shown  .n  Figure  lc,  a 

fraction  of  the  ballistic  electrons  may 
propag.  re  through  the  interface  and  into  the 
collector  where  the  current  is  detected.  The 
collected  curren.  depends  on  the  detailed 
base-collector  interface  properties,  includ¬ 
ing  the  fundamental  Schottky  barrier  height 
and  defect  structure  at.  the  interface. 
Spectroscopic  analysis  of  the  collector 
current  direcMy  yields  information  on  c  a*  h 
rf  t  ne  se  critical  interface  properties. 
Fiqure  shows  BEEM  spectra  obtained  for  Au- 
Si  and  Au-GaAs  r.‘»terost  ruct.ures  .  I  he  spectra 
display  the  expected  abrupt  threshol  1  i n 
collector  current  at  the  schottky  birrior 
vo 1 1  age . 

Bhf.M  imaging  is  a  re*,  -mp  '  ;  she  I  wh:  ic 
scanning  *  ho  STM  ♦  ;r:  ;  tip  over  t  ;.e  hot<  r'  - 

strut-ire  to?  surface.  !?.-•  collector  ;  r  r  •  *  r  r 


is  measured  and  while  scanning  the  tip  so  as 
to  produce  simultaneous  images  of  the  top 
surface  topography  and  subsurface  electronic 
structure.  BEEM  spectroscopy  and  imaging 
techniques  have  been  employed  to  extensively 
characterize  Au-Si  and  Au-GaAs  Schottky 
barrier  heterostructures.  BEEM  images  show 
nanometer-scale  features  at  interfaces  buried 
100A  below  the  surface.  These  result-,  for 
the  first  time,  directly  reveal  the  homo¬ 
geneity  of  the  Au-Si  SB  interface,  and  the 
contrasting  heterogeneity  of  the  Au-GaAs  SB 
properties . 
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Figure  1.  >al  The  three-terminal  BEEM  method 
for  invest  iq.it  l on  of  a  metal  -sen;  'onJuo^'t 
Schottky  farrier.  Ihe  tunnel  tip  is  sepa.ut- 
ed  by  a  vacuum  ban  ler  from  the  metal  base 
electrode.  Three  terminals  are  .ipp!  T  o 

the  tunnel  tip,  metal  base,  and  sem  loon.Kict 
cel  lector.  The  collector  current.  ]  \ 

me.!  ;iired  between  base  and  --I  lector  .  f 

!  he  er.tn  jy  bind  Jiagram  ter  /or  -  tunnel  t  .as 
V  n.  ; . • )  jhe  energy  band  i.a.jram  fo: 
funnel  bias  greiter  than  the  Sch  t  r  i  i-r  : 
VO  '.  t  lge  ,  f'V  •  eVj.  . 
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Figure  2.  BEEM  spectroscopy  results  for  Au- 
Si  and  Au-GaAs  heterojunctions.  (a)  BEEM 
spectrum  of  collector  current,  Ic,  versus 
tunnel  voltage,  V,  for  a  Au-Si  SB  structure. 
The  spectrum  (dots)  was  measured  at  a 
constant  tunnel  current,  It,  of  0.87  nA.  The 
calculated  spectrum  (solid  line)  corresponds 
to  a  barrier  height  value,  eV^,  of  0.92  eV. 
(b)  BEEM  Ic  -  V  spectrum  (triangles)  for  the 
Au-GaAs  SB  hetero junction  obtained  at  lt  = 
1.0  nA.  The  calculated  spectrum  (solid  line) 
corresponds  to  an  eVb  value  of  1.2  eV. 
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Total  reflection  X-ray  fluorescence  analysis 
(TXRF)  has  recently  been  demonstrated  to  be 
a  valuable  tool  for  monitoring  surface  con¬ 
tamination  on  silicon  wafers  [1]  .  Using  a 
molybdenum  tube  as  X-ray  source,  the  sensi¬ 
tivity  of  this  non-destructive  multielement 
analysis  technique  is  in  the  order  of  10*  0  - 
10l  1  atoms  per  cm2  for  the  technologically 
important  transition  metals,  corresponding 
to  10-100  ppma  of  a  monoatomic  layer  on  a 
silicon  surface.  Still  better  sensitivities 
(0.1-10  ppma)  have  been  reported  for  atomic 
absorption  spectrometry  (AAS)  combined  with 
a  chemical  preconcentration  technique  known 
as  vapor  phase  decomposition  (VPD,[2]).  With 
this  technique  the  wafer  surface  is  exposed 
to  HF  vapor  which  dissolves  the  surface 
oxide  (native  or  thermal).  The  resulting  li¬ 
quid  condensate  is  either  collected  in  the 
reaction  vessel  with  a  vertical  multiwafer 
configuration,  or  concentrated  into  a  drop¬ 
let  in  the  center  of  the  wafer  with  a  hori¬ 
zontal  single-wafer  configuration  [3]  due  to 
the  hydrophobic  surface  character  and  the 
kinetics  of  the  reaction,  which  starts  from 
the  wafer  edge.  The  latter  preparation  tech¬ 
nique  is  ideally  suited  for  TXRF  if  the  VPD 
droplet  is  allowed  to  dry  on  the  wafer  sur¬ 
face  and  is  analyzed  in  situ.  This  elimina¬ 
tes  chemical  treatment  and  handling  of  the 
VPD  liquid  as  is  necessary  for  AAS.  The  sen¬ 
sitivity  enhancement  of  VPD-TXRF  as  compared 
to  pure  instrumental  TXRF  can  be  estimated 
from  the  ratio  of  the  total  wafer  area  to 
the  analysis  area  of  instrumental  TXRF  (0.5 
cm  2 )  . 


Figure  1  shows  the  schematic  arrangement  for 
TXRF  with  the  VPD  residue  in  the  analyzed 
area.  Figure  2  and  3  demonstrate  the  drama¬ 
tic  increase  in  sensitivity  as  a  result  of 
VPD  concentration.  Wafers  with  impurities 
below  the  detection  limit  of  instrumental 
TXPF  show  a  distinct  contamination  pattern 
when  subjected  to  VPD.  Actually  measured 
transition  metal  concentrations  ate  given  in 
table  1  together  with  detection  limits  esti¬ 
mated  for  VPD-TXRF  under  the  assumption  that 
all  i mpur i ties  are  collected  in  f he  residue. 


Summarizing,  VPD-TXRF  is  able  to  detect 
'ransiMor.  r?e?al  contaminations  with  a  sut 
ppr  sensitivity  and  ;s.  theref't*-.  ror.sidt- 
red  t '  be  -it  present  the  must  sensitive  rul 
'  1-ltTtr.t  analysis  technique  fur  «-vaiua»  irvj 
waf-j  sutfa:*-  purity  ar  vu  :  ur.  j.  r  .•■ssir.j 
s**-pn  ".  i  k  •  ■•It-aning  dry  pt  3  . 
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table  1  :  results  of  VPD-TXRF  measurement 
of  contaminations  on  a  100  mm. 
silicon  wafer 
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INTRODUCTION 

Unwanted  impurities  can  be  a  problem  for  semiconductor 
devices  when  the  impurities  are  eventually  located  in 
the  electrically  active  region  after  device 
processing.  Problems  include  leakage,  lifetime 
reduction,  premature  gate  oxide  breakdown,  and 
inversion  layers.  Elimination  of  these  impurities 
often  requires  both  the  identification  of  the  origin 
of  the  impurities  and  also  their  measurement. 

The  choice  of  quantitative  measurement  technique  for 
these  impurities  is  influenced  by  their  location  with 
respect  to  the  substrate  or  device.  For  the  purposes 
of  this  discussion  we  limit  ourselves  to  the  ultra¬ 
surface  region  (1-3  ran)  of  the  substrate,  where 
unwanted  impurities  may  be  found  from  a  variety  of 
sources . 

The  quantitative  measurement  techniques  for  trace 
(<0.1%  atomic  of  a  monolayer,  or  <  E13  atoms/cm2  for 
silicon)  Impurities  in  the  silicon  substrate  ultra- 
surface  region  can  be  divided  into  two  categories. 
(A)  IMPURITY  REMOVAL  AND  ANALYSIS,  or  those  techniques 
which  attempt  to  remove  the  impurities  from  the 
substrate  ultra- surface  region,  e.g.  in  an  etched 
solution,  and  then  analyze  the  solution  for  the 
impurities.  Examples  include  neutron  activation 
analysis,  atomic  absorption  analysis,  and  flameless 
atomic  absorption  analysis  of  etchant- removed  silicon 
or  silicon  dioxide.  These  techniques  must  assume  all 
the  surface  impurities  of  interest  are  removed  by  and 
remain  in  the  etchant.  (B)  ANALYSIS  ON  SUBSTRATE,  or 
those  techniques  which  make  the  measurement  with  the 
impurities  remaining  in  the  ultra- surface  region  of 
the  substrate.  Examples  Include  polyencapsulation/ - 
SIMS  and  total  reflection  X-ray  fluorescence  analysis 
(TXRF) . 

An  evaluation  of  TXRF  was  undertaken  for  this  study 
using  the  ATOMIKA  XSA-8000  Instrument.  In  this  method 
(1),  which  was  originally  designed  for  liquids 
analysis,  an  X-ray  beam  from  a  conventional  X-ray 
tube,  typically  a  molybdenum  anode,  strikes  the 
substrate  surface  at  glancing  incidence  so  that  (i) 
the  condition  for  total  reflection  of  the  X-rays  Is 
met  and  (11)  the  analysis  depth  is  limited  to  about 
the  top  3  nra  of  the  surface.  The  fluorescence 
radiation  from  the  surface  is  collected  by  a  Si(Ll)  X- 
ray  detector  and  quantitation  is  completed  using 
substrate  surfaces  intentionally  contaminated  with  a 
known  number  of  atoms  in  the  analysis  area  to  provide 
reference  samples.  Detection  limits  on  silicon  are 
reported  to  be  E10/cm2  to  Ell/cm2  for  the  transition 
metals,  and  the  improved  detection  limits  over 
conventional  thin  film  X-ray  fluorescence  (XRF)  mainly 
stem  from  the  major  reduction  in  the  background  signal 
of  the  substrate . 

EXPERIMENTAL 

Four  silicon  samples  were  separately  contaminated  with 
Ni  .  Cu.  An  and  Pb  using  Inductively  Coupled  Plasma 
Analysis  standard  solutions  with  100  ppmv  of  the  metal 
contaminant  in  solution  Three  other  silicon  samples 
were  commercial  wafers  from  three  different  silicon 


vendors,  and  another  three  silicon  samples  were  taken 
from  three  different  cleaning  processes. 

The  TXRF  analyses  were  performed  on  an  XSA-8000  at 
ATOMIKA  using  a  Mo  X-ray  anode,  an  8  mm  diameter 
aperture,  and  either  a  40  or  80  micron  thick  metal  X- 
ray  filter  between  the  source  and  sample.  The  TXRF 
results  were  correlated  against  the  following  other 
measurement  techniques:  Rutherford  backscattering 
spectrometry  (RBS),  Auger  electron  spectrometry  (AES), 
and  quadrupole -based  secondary  ion  mass  spectrometry 
(SIMS). 

RESULTS  AND  DISCUSSION 

The  comparison  between  the  XSA-8000  and  RBS  analyses 
on  intentionally  contaminated  samples  shows  good 
agreement  considering  the  inhomogeneity  in  the  surface 
contamination  as  indicated  by  the  RBS  analyses  In 
different  areas  of  the  samples.  The  sample 

preparation  is  assumed  to  be  the  cause  of  differences. 

The  TXRF  results  for  the  three  cleaning  samples  and 
the  three  vendor  samples  are  shown  in  Table  1. 
Measurements  on  the  cleaning  samples  used  an  80  micron 
filter,  while  those  on  the  silicon  vendor  samples  used 
a  40  micron  filter.  The  data  indicate  there  are  heavy 
metals,  particularly  Fe,  Cu  and  Zn,  on  these  cleaning 
samples  at  Ell  to  E13/cm2  levels,  and  on  vendor  wafers 
at  Ell  to  E12/cmz  levels.  These  data  are  consistent 
with  prior  reports  using  other  analytical  techniques. 
There  also  appears  to  be  differences  among  the  silicon 
vendor  samples. 

SUMMARY 

In  summary  an  evaluation  of  total  internal  X-ray 
fluorescence  analysis  (TXRF)  using  the  ATOMIKA  XSA- 
8000  has  shown  the  technique  promises  to  be  an 
invaluable  tool  in  the  quantitative  surface  analysis 
of  silicon  wafers.  The  technique's  primary  attributes 
over  other  approaches  are:  (1)  it's  simplicity  of 
operation,  (2)  it's  survey  capability  of  the  heavy 
metals,  and  (3)  it's  detection  limits  at  the  Ell/cm2 
level.  The  measurement  should  be  useful  to  those 
developing  or  controlling:  (a)  wafer  cleaning 

processes,  (b)  impurity  levels  in  cleaning  chemicals, 
(c)  dry  etching  processes,  (d)  ion  implantation 
contamination,  and  (e)  semiconductor- related  gases  and 
ambients . 

REFERENCE 

1.  "Application  of  Total  Reflection  X-Ray 
Fluorescence  Analysis  for  Metallic  Trace 
Impurities  on  Silicon  Wafer  Surfaces,"  P. 
Eichinger,  H.  J.  Rath.  and  H.  Schwenke . 


American  Society  for  Testing  and  Materials.  1988. 


TABLE  1.  XSA-8000  RESULTS  ON  CLEANING 

AND  VENDOR  WAFERS 
(Cleaning  samples  measured  once. 
Vendor  samples  measured 


four 

times 

and 

averaged; 

units 

of 

El  2 /CM' 

SAMILE 

Qa 

Efi 

2u 

u 

w 

Clean  1 

2  9 

19.9 

16  8 

Clean  2 

2  6 

0  8 

0  4 

2  5 

Clean  3 
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7  p  mint  2 

<1  u 

0  2 

0  3 

0  6 

0  6 

0  2 

0  7 

Vendor  1 

«-l  9 

0  *4 

0  3 

0  b 

0  6 

0  1 

0  s 

X-RAY  TOPOGRAPHY  AND  PRECISION  DIFFRACTOMETRY 
OF  SEMICONDUCTING  MATERIALS 


B  K  Tanner 
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The  application  of  double  axis  X-ray 
dif f ractometry  and  topography  to  the  non¬ 
destructive  characterization  of  semiconducting 
materials  is  reviewed.  Double  axis  X-ray 
diff ractometry  has  now  become  widespread  for 
assessment  of  epitaxial  layer  structures, 
particularly  of  electro-optic  materials.  The 
double  crystal  rocking  curve  provides  directly 
the  following  data; 

[1]  lattice  mismatch  and  hence  composition, 

[2]  layer  thickness, 

[3]  layer  and  substrate  perfection, 

[4]  wafer  curvature, 

[5]  mismatch  and  layer  thickness  variation 
across  the  wafer. 

Attention  is  paid  to  the  sensitivity  and 
reliability  of  the  data,  particularly  in  the 
standard  experimental  geometry  suitable  for 
all  commercial  diffractometers.  The  recent 
observation  of  interference  fringes  from  ABA 
sequence  structures  such  as  used  for  lasers  is 
discussed  and  the  use  of  the  period  for  direct 
thickness  determination  highlighted. 

Matching  of  simulated  and  experimental  rocking 
curves  provides  a  powerful  method  for  non¬ 
destructive  determination  of  the  layer 
composition  as  a  function  of  depth.  The 
application  is  discussed  for  graded  layers  and 
for  mult' quantum  well  structures,  in  the  case 
of  very  v.iin  layers,  use  of  grazing  incidence 
geometry  permits  the  study  of  layers  only  a 
f°w  tens  of  nanometres  thick  and  determination 
of  layet  thickness  and  interface  roughness  to 
Angstrom  precision. 

Triple  axis  techniques  enable  diffuse 
scattering  to  be  examined,  as  well  as 
providing  enhanced  signal  to  noise.  These 
instruments  can  also  be  used  to  measure  the 
specular  reflectivity.  Analysis  of  the 
interference  fringes  observed  from  thin  layer 
structures  permits  the  determination  of 
electron  density,  layer  thickness  and 
interface  roughness  at  the  Angstrom  level  for 
single  crystal,  polycrystalline  and  amorphous 
films . 

X-ray  topography  provides  information  on  the 
spatial  distribution  of  the  diffracted  X-ray 
beam.  It  is  the  X-ray  analogue  of  transmission 
electron  microscopy.  Although  it  is  a  mature 
technique,  unlike  double  crystal  rocking  curve 
analysis,  it  has  seen  little  industrial 
application  and  has  not  yet  developed  to  a 
stage  where  it  is  appropriate  for  an  on-line 
quality  control  technique.  It  is  pointed  out 
that  little  attempt  has  been  made  to  match 
detector  resolution  and  speed  to  the 
information  required.  As  an  example,  it  is 
shown  that  X-ray  section  topography  is  a 
powerful  method  for  assessing  the  extent  of 
the  denuded  zone  in  silicon  formed  by 
intrinsic  oxygen  gettering.  For  a  quality 
control  application,  micron  resolution  is 
unnecessary  and  use  of  fast  X-ray  or  dental 
film  quite  appropriate. 


Projection  topography,  unlike  section 
topography,  gives  a  full  survey  of  the  defects 
in  the  wafer  and  detection  of  slip  is  a 
particularly  important  screening  technique. 
Again,  for  routine  surveying,  fast  film  and  a 
rotating  anode  permits  6  inch  wafers  to  be 
examined  non-destructively  in  a  tine 
comparable  to  that  required  for  defect- 
specific  etching. 

Double  crystal  topography  can  be  performed  on 
a  double  axis  diffractometer  with  minor 
modification  to  collimator  geometry.  The 
technique  is  particularly  useful  for  strain 
contour  mapping  and  detection  of  long  range 
strains.  It  has  higher  defect  contrast  in  the 
Bragg  (surface  reflection)  geometry  than 
single  crystal  methods  and  the  strain 
sensitivty  can  be  tuned  by  suitable  choice  of 
reference  crystal. 
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Transmission  electron  microscopy  (TEM)  is  now  a  well  established 
diagnostic  technique  in  the  field  of  semiconductor  materials  and  devices. 
The  appeal  and  success  of  this  technique  is  due  to  its  ability  in  providing 
images  and  information  on  the  microstructure  of  a  wide  range  of  materials 
and  fabricated  structures  with  submicron  or  atomic  resolution.  The  goal 
of  TEM  applied  in  this  way  is  to  characterize  materials  subject  to  various 
processing  procedures  to  understand  how  the  microstructure  will  affect 
device  behaviour  and  to  provide  feedback  to  the  fabrication  or  growth 
process  TEM  is  particularly  useful  when  coupled  with  other  analytical  or 
diagnostic  techniques,  for  example,  other  spectroscopies  or  electrical 
methods,  which  may  afford  greater  sensitivity  without  the  spatial  resolution 
or  provide  different  information  all  together  This  is  also  applicable  to  the 
various  techniques  encompassed  within  TEM  itself  since  usually  several 
techniques  are  employed  for  a  complete  characterization.  It  is  the  purpose 
of  this  paper  to  review  and  demonstrate,  with  examples,  how  this  can  be 
achieved,  the  limitations  of  such  investigations  and  the  range  of  materials 
and  problems  to  which  TEM  is  being  applied. 

TEM  can  basically  be  divided  into  two  types,  high  resolution  electron 
microscopy  (HREM)  and  analytical  electron  microscopy  (AEM).  With 
HREM  we  are  usually  interested  in  imaging  materials  at  the  highest 
possible  resolution  so  that  at  selected  orientations  of  the  specimen,  lattice 
images  arc  produced.  AEM  is  concerned  with  imaging  and  characterizing 
materials  with  usually  lower  spatial  resolution  than  HREM  and  the 
techniques  which  will  be  described  here  include  convergent  beam  electron 
diffraction.  X-ray  microanalysis,  electron  energy  loss  spectroscopy  and 
cathodoluminesccnce. 

High  Resolution  Electron  Microscopy  (HREM) 

One  of  the  most  useful  applications  of  HREM  has  been  in  the  imaging  of 
semiconductor  interfaces  since  the  structure  or  quality  of  these  has  been 
identified  as  being  important  in  device  viability  and  function.  The 
examples  considered  here  include  those  found  in  xuperlattice  (SI.)  or 
multiple  quantum  well  (MQW)  structures  and  methods  for  imaging  and 
assessing  the  inlerfacial  quality.  Hetcrocpitaxial  layers  of  ll-VI 
semiconductors  grown  on  III  -  V  substrates  and  other  heteroepitaxial 
systems  such  as  GaAs  on  Si.  metal/semiconductor  contacts  and 
amorphous-on-crystalline  systems  such  as  SiOj  on  Si  are  also  considered. 
Cases  where  the  interfacial  structure  has  been  correlated  with  other 
techniques,  for  example  electrical  and  photoluminescence.  will  also  be 
described 

Analytical  Electron  Microscopy  (AEM) 

In  many  cases  one  or  more  AEM  techniques  will  he  required  to 
complement  or  confirm  HREM  analysis 

Convergent  Beam  Electron  Diffraction  ((’BED) 

Bv  using  a  convergent  beam  of  electrons,  diffraction  from  small  volumes 
of  specimen  may  be  used  to  analyse  small  particles  or  regions  in 
semiconductor  structures  CBEI)  patterns  may  be  used  in  thr 


identification  of  known  phases  or  in  the  symmetry  and  structure 
determination  of  new  ones  which  may  be  important  in  device 
characterization.  Other  recent  applications  are  also  considered  including 
the  determination  of  compositional  variations  in  Ill-V  and  II-VI  alloys,  the 
identification  of  antiphase  boundaries  in  GaAs  on  Si  and  the  measurement 
of  local  strain  in  strained -layer  super  lattices. 

X-ray  Microanalysis  (EDX) 

Elemental  composition  in  the  TEM  may  be  determined  by  X-ray 
microanalysis.  The  analysis  of  particles  found  in  semiconductor  materials 
such  as  precioitates  or  phases  in  an  alloyed  metal -semiconductor  contact 
provides  useful  elemental  information  complementary  to  structural 
information  available  through  HREM  or  diffraction.  Other  applications 
relate  to  the  assessment  of  compositional  variations  in  single  crystal 
material.  The  limitations  of  this  are  examined  using  the  determination  of 
compositional  variations  in  GaAIAs/GaAs  SL  and  InGaAs/InP  MQW 
structures  as  examples.  The  determination  of  dopant  or  impurity 
distributions  at  a  submicron  level  by  the  ALCHEM1  technique  (Atom 
Location  by  Channelling  Enhanced  Microanalysis)  is  discussed. 

Electron  Energy  Loss  Spectroscopy  (EELS) 

In  addition  to  providing  a  means  of  elemental  analysis  as  does  EDX. 
EELS  affords  the  ability  to  detect  low  Z  dements  and  superior  spatial 
resolution  Chemical  shifts  and  fine  structure  in  the  ionization  edges  and 
the  form  of  the  low  loss  region  in  the  EELS  spectrum  can  additionally 
provide  analysis  on  the  chemistry,  structure  and  electronic  nature  of  the 
material.  Examples  of  this  are  considered  including  the  analysis  of 
interfacial  oxides  and  the  probing  of  the  electronic  structure  of  a  misfit 
dislocation  at  the  GaAs/GalnAs  interface.  A  new  application  involving  the 
coincidence  between  EELS  and  cathodoluminscence  (CLi  events  to  map 
carrier  lifetime  at  high  spatial  resolution  will  be  described 

Calhodoluminescence  (CL) 

Although  the  characterization  of  semiconductor  materials  bv  CL  is  usuallv 
performed  in  the  scanning  electron  microscope  (SEM).  this  technique  is 
finding  application  in  the  TEM  It  is  the  most  sensitive  analytical 
technique,  for  suitable  materials,  available  on  the  TEM  capable  ol 
delecting  the  presence  of  impurities  in  the  parts  per  million  level  l  ne 
technique  offers  the  advantage  and  chance  to  investigate  the  relationship 
between  electronic  and  atomic  structure  of  defects  since  it  is  possible  to 
simultaneously  image  the  specimen  and  characterize  defects  at  the 
submicron  level  while  acquiring  CL  data  Applications  to  materials  of 
optoelectronic  importance  arc  considered  including  the  effects  ol 
dislocations  on  the  luminescence  of  ZnSe  on  GaA*  InT.  Si  and  GaAs  on 
Si.  The  technique  mav  also  be  used  to  assess  changes  m  materials  as  a 
result  of  processing  With  the  development  of  new  materials  for  use  in 
infrared  imaging  technology  and  the  desire  to  investigate  deep  levels  m 
for  example.  IU-V  materials,  the  spectral  range  in  CL  detection  will  have 
to  be  extended  to  several  microns  This  tan  be  achieved  bv  use  of  .» 
Fourier  Transform  spectrometer  which  has  been  rccmtlv  success!  nll\ 
used,  as  well  as  a  conventional  dispersive  grating  t\pe.  to  detcit  infrared 
CL  from  GalnAs  in  the  TEM. 
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DEFECT  CHARACTERIZATION  IN  SEMICONDUCTORS 
BY  POSITRON  ANNIHILATION  SPECTROSCOPY 

A.  Rohatgi,  J.P.  Schaffer,  and  A.B.  DeWald 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 

The  potential  of  positron  annihilation 
spectroscopy  (PAS)  for  defect  characteriza¬ 
tion  In  semiconductors  is  demonstrated  using 
examples  from  both  the  literature  and  our  own 
current  work.  The  materials  discussed 
include  Si,  GaAs,  ZnO,  SiOg/Si  interfaces  and 
AlGaAs/GaAs  heterostructures.  The  types  of 
defects  studied  include:  i)  vacancy 
complexes,  ionized  dopants,  and  antisite 
defects,  ii)  irradiation  damage  and 
subsequent  recovery  via  defect  annealing, 
ill)  the  influence  of  cooling  rates  on 
spatial  non-uniformities  in  defects  over  the 
whole  wafer,  and  iv)  characterization  of 
buried  interfaces.  In  several  instances,  the 
results  of  the  PAS  investigations  are 
correlated  with  data  from  other  established 
semiconductor  characterization  techniques. 

For  example,  PAS  was  used  to  investigate 
the  Influence  of  oxygen  on  the  minority 
carrier  lifetime  in  Si.  Magnetic  Czochralski 
(MCZ)  growth  was  used  to  vary  the  oxygen 
concentration  in  the  range  of  1-5  ppm. 
Figure  1  shows  the  correlation  between  the 
Doppler  S-parameter  and  the  interst i t ial 
oxygen  concentration  measured  by  FTIR .  For 
all  three  sets  of  samples  the  Doppler  PAS  S- 
parameter  increases  as  the  oxygen  inter¬ 
stitial  concentration  increases.  Figure  1 
also  shows  the  inverse  relationship  between 
the  PAS  S-parameter  and  the  minority  carrier 
lifetime  in  MCZ  silicon,  measured  by  *,hoto- 
conductive  decay  (PCD),  as  a  function  of 
oxygen  concentration.  In  these  MCZ  samples, 
an  increase  in  the  S  value  is  accompanied  by 
a  degrease  in  the  carrier  lifetime. 
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Figure  J.  Correlation  of  the  Doppler  PAS  S 
parameter  and  the  minority  carrier  lifetime, 
mc.iMin.'d  by  p::b,  as  a  function  of  oxygen 
concentration,  in  MCZ  silicon. 


ZnO  is  a  popular  material  for  making 
lightening  arresters  and  varistors.  However, 
its  performance  and  stability  depend  on  l»»e 
bulk  and  grain  boundary  defects.  In  a  recent 
study  (1)  PAS  and  several  other  techniques 
were  used  to  characterize  the  changes  in  the 
defect  structure  in  a  ZnO  varistor  as  a 
result  of  annealing.  DLTS  was  used  to 
delineate  the  electrically  active  traps  (Nt) 
while  C-V  measurements  were  performed  to 
obtain  the  doping  density  (Nd)  at  the  edge  of 
the  depletion  region.  The  doping  density 
within  the  grains  was  determined  by  FTIR. 
These  results  were  correlated  with  those  of  a 
previous  study  of  device  stability  (2). 

As  shown  in  Figure  2,  PAS  indicates  a 
minimum  at  800“C  which  coincides  with  the 
minimum  in  Nd.  A  minimum  in  N*  was  observed 
at  600°C  which  coincides  with  the  optimum 
annealing  conditions  for  most  stable  devices. 
This  suggests  that  the  E  -0.26  eV  trap  is 
related  to  instability  in  ZnO  varistors  and 
that  PAS  probably  measures  a  total  defect 
concentration  of  ( Nd  +  Nt  +  other  defects) 
which  in  this  case  is  roughly  equal  to  Nd 
since  the  doping  density  is  fairly  high 
(-1017  cm-3).  If  so,  the  local  minimum  in  S 
or  Nd  around  600-800<’C  could  be  attributed  to 
the  competition  between:  i)  the  diffusion  and 
subsequent  loss  of  ZnA  to  grain  boundaries 
and  ii)  the  thermal  generation  of  Znj 
(Frenkel  defects).  PAS  also  indicated  that 
the  post-anneal  cooling  rate  is  important  in 
tailoring  the  defect  state  in  ZnO  varistors. 
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Cathodoluminescence  Character i z at  ion 
of  Semiconductor  Materials 

R.J.Roedel ,  S . Myhaj I enko ,  J.L. Edwards, 
and  K. Rowley 

Center  -for  Solid  state  Electronics 
Arizona  State  University 
Tempe,  AZ,  85287-6206 

Cathodoluminescence  (Cl.)  techniques  are 
extensively  used  -for  the  character  ization  of 
direct  bandgap  sem i conductors,  such  as  GaAs, 
InP,  and  CdTe.  CL  is  normally  carried  out  in  a 
scanning  electron  microscope  (SEM),  and  the 
incident  .-lectron  beam  can  create  a  vast  number 
of  electron  hole  pairs  near  the  surface  Qf  the 
semiconductor  sample  under  test.  In  direct 
bandgap  sem i conductors  a  significant  portion  of 
the  electron  hole  pairs  may  recombine 
radiatively.  The  resulting  luminescence 

emerging  from  the  top  of  the  sample  may  be 
detected,  converted  to  an  electrical  signal,  and 
displayed  on  the  SEM’s  CRT  in  sychron i rat  ion 
with  the  rastered  electron  beam.  This  CL  image, 
or  luminescence  map,  of  the  sample  often  shows 
significant  contrast;  the  contrast  in  turn  is 
generally  due  to  spatially  varying  radiative 
recombination  efficiency  in  the  sample.  The 
radiative  efficiency  may  depend  upon  the  dopant 
and  the  doping  concen t r at i on ,  the  presence  of 
internal  electric  fields,  and  material  defects, 
such  as  dislocations,  stacking  faults,  or 
inclusions.  Hence,  CL  has  often  been  employed 
as  an  imaging  technique  to  find,  respectively, 
doping  striations,  the  location  of  pn  junctions, 
or  the  number  of  electrically  active 
d i slocat ions. 

Conventional  CL  charac ter i zat i on  is  carried 
out  at  room  temperature  and  in  a  panchromatic 
mode  (that  is,  all  wavelengths  collected).  This 
embodiment  of  the  technique  is  routine  and 
typically  quite  easy  to  employ.  However,  the 
extension  of  the  CL  technique  beyond  this 
approach  can  be  rather  advantageous.  In  fact 
current  trends  in  CL  character ization  include 
progress  in  four  areas:  cryogenic  CL,  spectrally 
resolved  CL,  admixture  of  CL  with  other  e-beam 
produced  signals,  and  extension  to  infrared 
materials.  For  example,  there  are  several 
advantages  in  pursuing  CL  at  cryogenic  (near 
liquid  helium)  temperature.  There  are  large 
increases  in  photon  emission  rates,  there  is 
s i gn i f , can t 1 y  reduced  beam  damage  to  the  sample, 
and  optical  spectra  are  sharper  and  more 
significant  than  room  temperature  results.  This 
is  demonstrated  in  part  in  figures  (1)  and  (2). 
In  these  figures,  both  secondary  electron  (SE> 
and  panchromatic  CL  images  from  a  CdTe  sample 
held  at  15  K  are  displayed.  The  sample 

consisted  of  a  CdTe  substrate  upon  which  a  five 
micron  thick  CdTe  epitaxial  layer  was  grown  by 
liquid  phase  epitaxy.  A  portion  of  the 
epitaxial  layer  was  chemically  removed,  so  that 
the  left  side  of  each  figure  shows  the  epitaxial 
layer,  the  right  side  the  substrate.  The  entire 
sample  was  etched  in  a  defect  revealing  etchant 
that  produced  the  prominent  rectangular  etch 
figures.  CdTe  is  a  sem i conduc tor  that  is 
particular 'y  difficult  to  image  with  CL  because 
of  its  inherent  relative)/  low  emission 
efficiency  (compared  to  GaAs,  for  example). 
Consequently,  one  must  generally  use  high  beam 
currents  to  produce  adequate  excitation,  but 
this  often  leads  to  enormous  surface  damage, 
including  surface  dissociation  or  even  melting. 


The  CL  image  shown  in  figure  (2)  was  produced 
with  a  beam  voltage  of  25kV,  and  a  beam  current 
of  one  nanoampere.  This  is  possible  because  of 
the  low  temperature  of  the  sample:  the  photon 
generation  rate  is  now  enormous  compared  to  that 
at  room  temperature.  In  addition,  there  was  no 
noticeable  beam  damage  produced  during  this 
ex am i nat i on .  With  identical  beam  conditions  at 
room  temperature,  there  was  no  CL  image 
wf  atsDever . 

The  CL  contrast  shown  in  figure  <2>  has  two 
sources.  The  rectangular  dark  patches  obviously 
correspond  to  the  etch  figures,  but  the  darkness 
does  not  indicate  that  locally  the  emission 
efficiency  is  lower;  this  is  predominantly  a 
geometrical  shadowing  effect.  On  the  other 
hand,  the  network  of  small  dark  spots,  quite 
prevalent  on  the  substrate  side,  but  still 
noticeable  on  the  epitaxial  side,  are  most 
certainly  due  to  some  radiation  killing  defect 
in  the  material.  Whether  these  defects  are  a 
network  of  dislocations  or  some  type  of  point 
defect  has  not  yet  been  determined. 

This  is  just  one  example  of  tKe  efficacy  of 
the  cryogenic  CL  technique.  In  the  remainder  of 
the  paper,  additional  cases  will  be  presented. 
It  will  be  shown  that  (a)  spectrally  and 
spatially  resolved  cryogenic  CL  can  be  used  to 
determine  both  the  types  of  defects  present  and 
their  location  in  the  material  as  well,  (b) 
comparison  of  CL  with  transmission 
cathodoluminescence  and  electron  beam  induced 
current  signals  can  be  used  to  differentiate 
optically  and  electrically  active  defects,  and 
(c)  defects  in  infrared  materials,  such  as 
(In,Ga!As  and  <Hg,Cd)Te  car.  also  be  imaged  with 
cr-/oger.ic  CL  with  the  use  of  appropriate 
detectors  and  custom  amplifiers. 


f  i g.  (  2 ) 


CL  image  o*  same  CdTe  sample  at  L5k 
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SUBSURFACE  DEFECT  STRUCTURES  IN  ION  IMPLANTED,  ANNEALED  SI 
WAFERS  IMAGED  BY  NONDESTRUCTIVE  MODULATED  REFLECTANCE  IMAGING 


W.  Lee  Smith  and  D.  Wliienborg 

Therms -Wave,  Inc.,  47734  Westinghouse  Dr. 

Fremont  CA  94539 

G.  A.  Rozgonyi 

Materials  Engineering  Department 

North  Carolina  State  University,  Raleigh  NC  27695 
T.  Miranda* 

Fairchild  Camera  and  Instrument  Corporation 

Gate  Array  Div. ,  1801  McCarthy  Blvd. ,  Milpitas  CA  95035 

L.  Larsen 

National  Semiconductor,  2900  Semiconductor  Dr. 
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A  new  method  of  imaging  physical /crys - 
tall ogr a ph 1 c  defects  in  silicon  is  presently 
emerging.  This  laser -based  method  III  uses 
thermal  wave  modulated  reflectance  to  gener¬ 
ate  defect  Images  in  a  noncontact  and  nonde¬ 
structive  manner  with  image  acquisition 
time  of  typically  1  minute  for  a  100  urn  x 
lOO  urn  image.  The  spatial  resolution  is 
1  micron;  however,  defects  much  smaller 
than  that  size  are  detectable.  An  unusual 
aspect  of  this  technique  is  that  each  image 
shows  a  projection  of  all  defects  contained 
within  the  sampled  volume,  which  typically 
extends  from  the  surface  to  a  depth  of  3  to 
5  microns  in  Si.  The  method  operates  in 
room  ambient  conditions  (no  vacuum), 
requires  no  special  sample  preparation, 
and  is  able  to  image  through  transparent 
overlayers  such  as  silicon  dioxide.  As 
such,  it  is  able  to  operate  on  in-process 
product  IC  wafers  for  detection  of 
process-induced  defects  [21. 

The  first  images  generated  with  this 
automated  method  were  those  of  stacking 
faults  and  dislocations  induced  in  silicon 
wafers  by  a  damaging  gettering  technique 
followed  by  oxidation  [11.  The  comparison 
of  the  post -oxidation  thermal  wave  < TW ) 
images  with  standard  optical  microscope 
imagei  made  after  oxide  stripping  and 
Wright  etch  showed  a  spatially  definitive 
correspondence  between  the  two  methods. 

An  example  is  Included  here  ae  Fig.  1. 


In  the  research  reported  here,  a  study 
was  made  of  thermal  wave  images  and  magni¬ 
tudes  on  Si  wafers  that  were  ion  implanted 
with  B*,  P»  and  As*  and  annealed  in  ambient 
or  oxidizing  conditions.  The  implant  dose 
range  was  1E12  to  1E16  ions/cm2.  The  objec¬ 
tives  were  to  measure  the  changes  in  the 
total  amount  of  implant  damage  and  in  the 
degree  of  development  of  discrete  defects 
during  the  transition  from  as-implanted  to 
"fully  annealed"  state.  The  parameters 
measured  are  (a)  the  magnitude  of  the  TW 
signal  after  implant  and  after  each  of  four 
30-min.  anneals,  and  <b>  the  TW  images  of 
the  residual  defects  remaining  in  the 
"fully  annealed”  wafers. 

As  examples,  we  show  in  Fig.  1  selected 
TW  images  of  "fully  annealed”  samples: 

(a)  3E14  ions/cm2  P*  dose,  oxidizing  anneal, 
(b>  3E14  B*  dose,  N2  anneal, 

(c)  1E16  B ♦  dose,  N2  anneal, 

(d)  1E16  B*  dose,  oxidizing  anneal, 

(e>  3E14  As*,  N2  anneal, 

<f>  1E16  As*,  N2  anneal. 

We  will  discuss  the  various  features 
in  these  and  other  TW  images  and,  by 
comparing  them  with  TEM  and  decoration- 
etched  micrographs,  examine  this  new, 
rapid,  noncontact  defect  imaging  method. 


*preaently  with  Seeq  Technology,  Inc.  ,  San  Jose  CA. 
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MULTIPLE  INTERNAL  REFLECTION  SPECTROSCOPY: 
APPLICATIONS  TO  ELECTRONIC  MATERIALS 

J.E.  Olsen,  G.A.  Rozgonyi  and  F.  Shimura 
Department  of  Materials  Science  and  Engineering 
North  Carolina  State  University 
Raleigh,  NC  27695-7916 


In  recent  years,  transmission  infrared  spectroscopy  has 
become  a  popular  tool  for  studies  of  defects  in  bulk  silicon  (1-3). 
The  surface  regions  that  contain  the  circuits,  however,  are  likely 
to  have  different  defects  and  impurities  than  the  bulk.  In 
principle,  conventional  external  reflectivity  could  be  used  to  study 
these  surfaces.  But  for  reasonably  accurate  results,  substantial 
absorptivity  is  required  (a>1000  cm’1).  Defects  in  electronic 
grade  silicon  have  absorptivities  many  orders  of  magnitude  lower 
than  this,  making  some  sort  of  spectral  amplification  necessary. 
Electronic  amplification  increases  the  noise  in  the  spectrum. 
Multiple  internal  reflection,  on  the  other  hand,  easily  provides  a 
sensitivity  of  less  than  1  cm*1  without  adding  noise. 

To  briefly  summarize  the  principle(4-6):  light  passing 
through  the  interface  of  two  transparent  materials  is  refracted 
according  to  Snell's  Law  (njsin  0i=n2Sin  02).  For  light  passing 
from  the  higher  refractive  index  material  to  the  lower  index 
material,  there  is  a  critical  incident  angle  such  that  the  refracted 
angle  is  equal  to  90°.  At  this  angle,  there  is  no  loss  in  reflection. 
But  if  there  is  an  imaginary  component  of  the  refractive  index 
(absorption)  in  the  lower  index  material,  the  total  reflection  is 
attenuated  proportional  to  the  magnitude  of  this  imaginary 
component.  An  attenuated  internal  reflection  spectrum  may  thus 
resemble  an  absorption  spectrum  except  that  it  samples  a  very 
shallow  region  of  the  surface  (about  5  microns,  but  it  varies  with 
wavelength). 

The  relative  effective  thickness  de  expresses  the 
sensitivity  of  an  internal  reflectance  spectrum  relative  to  a 
transmission  spectrum.  The  relative  thickness  is  calculated  from 
the  penetration  depth  of  the  evanescent  wave,  the  electric  field 
strength  at  the  interface,  the  sampling  area,  and  the  strength  of 
coupling.  Harrick  and  du  Pre  have  developed  equations  for 
estimating  the  effective  thicknesses  of  bulk  materials  and  thin 
films  (6). 

For  bulk  mau.  rials: 

d>±  n21coso 


7t(l-n2l)(sin2o  -  n2j)2 


(2sin20  -  n,  ) 

- - — — 

/„  2  .  .  2  2  91 

1-n  sin  0  -  n 


The  experimental  setup  is  simple,  comprised  of  a  60° 
germanium  MIR  plate  (52x20x2mm.)  in  a  Foxboro  Model  9  MIR 
attachment.  The  effective  thickness  in  silicon  is  about  130 
microns.  A  Perkin-Elmer  1420  Infrared  Spectrophotometer  was 
used  to  obtain  the  spectra.  The  samples  were  clamped  to  both 
sides  of  the  MIR  plate.  In  this  abstract,  we  show  internal 
reflection  spectra  taken  from  float  zone  (FZ)  silicon,  Czochralski 
(CZ)  silicon,  a  20A  native  oxide,  and  a  220A  thermal  oxide.  The 
CZ  silicon  clearly  shows  the  1106  cm1  peak  of  dissolved 
interstitial  oxygen.  The  peak  height  corresponds  reasonably  well 
to  that  predicted  from  the  calculated  effective  thickness  and 
transmission  measurements  on  the  same  wafer.  As  expected,  the 
FZ  silicon  shows  no  oxygen  peak. 


The  20A  native  oxide  and  220A  thermal  oxide  yield  very 
different  spectra.  The  most  obvious  conclusion  is  that  the  oxide 
structures  are  also  very  different,  the  native  oxide  being  much 
denser  than  the  thermal  oxide  as  a  result  of  incomplete  oxidation 
or  stress  from  volume  expansion.  The  bonds  in  a  denser  film 
would  likely  be  more  rigid  and  have  higher  vibrational 
frequencies  (7-9).  Because  of  "anomalous"  dispersion,  internal 
reflection  spectra  of  oxides  present  difficulties  in  interpretation 
(as  do  transmission  spectra  of  oxides).  Interpretation  of  these 
spectra  require  further  experimentation  and  a  more  exact  solution 
of  the  thin  film  internal  reflection  equations  than  those  given  by 
Harrick  and  du  Pre  (6). 
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MINORITY  CARRIER  LIFETIME 
OF  HETEROSTRUCTURES, 
SURFACES,  INTERFACES  AND  BULK  WAFERS 
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We  have  developed  a  contactless  laser-pumped 
minority  carrier  lifetime  probe  which  is  of  general  utility  in 
semiconductor  electronics. 

This  inductively  coupled  radio  frequency  apparatus, 
which  is  illustrated  in  Figure  (1),  monitors  the  absolute  sheet 
conductivity  of  the  semiconductor  as  a  function  of  time.  A 
brief  flash  of  pulsed  incoherent  light,  in  this  case  from  a  Q- 
switched  doubled  Nd-Yag  laser  scattering  off  a  white  surface, 
injects  electrons  and  holes  into  an  epilayer  or  into  the  bulk 
substrate  wafer  itself.  The  recombination  of  electrons  with 
holes  is  monitored  by  the  decay  of  the  conductivity  associated 
with  the  optically  injected  carriers  In  a  numerical  algorithm, 
conductivity  is  divided  by  the  carrier  density  dependent 
mobility  to  convert  it  to  a  density  decay  curve.  If  the  epilayer 
thickness  L  is  sufficiendy  small,  the  decay  of  excess  carrier 
density  n  is  simply  the  sum  of  a  bulk  and  a  surface  term1: 

drVdt  -  +  2VL]  n 

where  t„  is  the  bulk  recombination  lifetime,  S  is  the  surface 
recombination  velocity,  and  the  factor  2  accounts  for  the  front 
and  back  surfaces.  Die  reciprocal  of  the  quantity  in  brackets 
was  called  by  Shockley1  the  "filament  lifetime"  r,  which  in 
general  may  depend  on  n.  Irrespective  of  the  absorption 
depth  of  the  light  source,  the  injected  carrier  density  n  will 
become  spatially  uniform  and  eq  (1)  will  be  valid  provided 
that  L  «  v  Dr  where  D  is  the  ambipolar  diffusion  constant 
and  'J Dr  is  the  diffusion  length.  If  the  front  and  back 
surfaces  of  the  epilayer  are  inequivalent  then  (Sf  +  Si,)  should 
be  substituted  for  2S. 

In  this  paper  we  will  review  the  operation  of  the 
minority  carrier  lifetime  bridge  and  show  how  it  can  be  a  real 
workhorse  in  the  laboratory  environment.  The  main 
advantage  of  this  equipment  is  that  it  can  give  immediate 
answers  about  the  semiconducting  quality  of  unprocessed  or 
partially  processed  materials.  We  will  examine  the  utility  of 
this  type  of  apparatus  by  reviewing  some  of  the  applications 
where  it  was  found  useful. 

The  first  application  will  be  to  compare2  the  quality 
of  HI- V  double  heterostructures  which  are  grown  by  the  three 
most  common  growth  methods:  organo-metallic  chemical 
vapour  deposition  (OMCVD),  liquid  phase  epitaxy  (LPE)  and 
molecular  beam  epitaxy  (MBE).  In  making  these 
comparisons,  it  is  significant  that  the  epitaxial  layers  are  not 
subjected  to  any  processing  after  growth.  Because  there  are 
no  contacts  required,  we  see  the  material  quality  directly  as 
grown  The  best  and  most  consistent  minority  carrier 
properties  came  from  OMCVD,  but  the  other  growth 
methods  were  almost  as  good. 


The  second  application  we  will  discuss  is  the 
exploration  for  surface  chemical  treatments3  which  produce  a 
surface  recombination  velocity  (SRV)  which  begins  to 
compete  with  the  excellent  AlGaAs/GaAs  interface.  The 
minority  carrier  lifetime  bridge  is  a  superb  exploratory  tool 
since  different  chemical  preparations  can  be  tried  one  after 
the  other  with  no  special  device  fabrication  in  between.  A 
"cut  and  try"  approach  makes  sense  if  we  can  try  many 
different  chemical  reagents  in  a  brief  time.  Then  we  can 
quickly  converge  on  a  good  chemical  process  by  trying  many 
different  variations  on  any  approach  that  seems  to  work  well. 
The  best  chemical  treatments  so  far:  For3  GaAs,  a 
polycrystalline  film  of  Na2S'9H20;  For4  InosrGao^As,  a 
polycrystalline  film  of  NaOH;  For3  Silicon,  treatment  in  HF 
acid.  The  chemical  treatments  for  GaAs  have  increased  the 
gain6  of  heterojunction  bipolar  transistors  sixty-fold. 

A  by-product  of  the  capability  to  create  a  nearly 
ideal  semiconductor  surface  chemically,  is  that  it  allows  us  to 
eliminate  the  surface  as  a  problem  in  order  focus  in  on  bulk 
quality.  In  this  case  we  have  looked  at  the  bulk  minority 
carrier  lifetime  of  substrate  wafers  whose  surfaces  had  been 
chemically  treated  to  effectively  eliminate  surface 
recombination.  The  conclusion  is  that  Ill-V  wafer  material 
never  seems  to  have  a  lifetime  longer  than  10  or  20  nsec, 
while  epitaxial  material  grown  on  those  wafers  can  be  as 
much  a-  100  times  better.  Similarly  we  surveyed  bulk  Silicon 
wafers  and  found  that  commercial  float-zone  SUicon  is 
sometimes  as  good  as  40  msec  but  that  Czochralski  material 
is  generally  1000  times  worse. 

I  should  emphasize  that  these  measurements  are 
taken  on  essentially  unprocessed  wafer  material.  The  results 
could  be  worse  as  a  result  of  thermal  processing.  This 
suggests  the  use  of  the  lifetime  bridge  as  a  process  monitor. 
Since  it  requires  no  special  wafer  processing  itself  it  is 
excellent  for  before/after  tests.  We  have  used  it  to  make 
Seemingly  minor,  but  critical  adjustments  in  Silicon  oxidation 
conditions  to  sustain  minority  carrier  lifetime  in  oxidized 
float-zone  material.  Likewise,  we  have  used  it  to  perfect  the 
process  conditions  for  minimizing  the  forward  leakage  current 
Of  SIPOS  heterojunction  contacts7  on  Silicon. 

Let  us  mention  two  physics  applications  of  the 
contactless  minority  carrier  lifetime  probe.  The  chemical 
surface  preparations  leave  a  sufficiently  good  surface  quality 
to  allow  the  formation  of  "naked"  quantum4  wells.  These  are 
single  sided  quantum  wells  with  one  face  exposed  for 
chemical  modification.  A  second  application  is  the  study  of 
bulk  radiative  recombination  in  the  direct  gap  such  as  GaAs. 
There  is  a  resurgence  of  interest  in  the  physics  of  spontaneous 
emission  of  light  in  high  refractive  index  materials. 
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Silicon  minority  carrier  generation 
leakage  and  crystal  defects  have  been 
studied  with  Metal-Ox ide-Si 1  icon  pulsed 
transient  capacitance  measurement  by  many 
authors  C1-6J.  This  paper  introduces  a 
contactless  measurement  technique  to 
detect  similar  silicon  properties.  We  use 
a  corona  discharging  to  pulse  a  silicon 
surface  into  deep  depletion  and  observe 
the  resultant  open-circuit  surface 
potential  transient.  The  measurement  does 
not  require  a  metal-gate  or  ohmic  contact* 
thus  a  few  undesired  MOS  process-re  1  a  ted 
problems  can  be  prevented*  such  as 
accidentia!  contamination  and  incorrect 
metal  anneal,  which  often  disturb  the 
measurement  sensitivity  and  alter  the  test 
sample’s  property  of  interest. 

Measurement  Principle 

Thr»  Corona-Pulsed  Deep-Depletion  technique 
uses  Corona-Ox ide-Sem i conduc tor  (COS) 
apparatus  similar  to  prior  work  [7,83  and 
is  described  by  another  paper  in  this  con¬ 
ference  C91.  A  f ie Id- i nduced  junction, 
required  for  a  repeatable  measurement,  is 
created  on  an  oxidized  silicon  surface 
*ith  uniform  selective  corona  (Fig.  1). 

The  junction  is  (corona)  biased  in  silicon 
inversion  to  minimize  surface  leakage  from 
interface  states.  Perimeter  leakage  is 
reduced  with  a  corona- i nduced  silicon 
accumulation  ring  around  the  junction  edge 

Silicon  deep-depletion  is  induced  by  puls¬ 
ing  from  inversion  with  a  single  burst  of 
constant  corona  current.  The  corresponding 
deep-depletion  recovery  is  monitored  with 
a  Kelvin  system  which  detects  the  surface 
potential  of  t'-.e  oxidized  silicon  with 
respect  to  bulk  silicon  without  making  a 
direct  contact  (Fig.  2). 

At  any  time  t,  the  surface  potential  (Vs) 
is  divided  between  the  oxide  and  the 
silicon  depletion: 

AVs(t)  £  Vs(t>  -  V,„v 

=  AVox  ♦  AC<fS<t>  -  i(iltw] 

=  aQc/Cox  ♦  &ys(t>  (1) 

where  V,  is  the  junction  initial  inver¬ 

sion  bias  potential,  Vox  the  potential 
across  the  oxide,  Cox  the  oxide  capa¬ 
citance,  ~  the  inversion  band  bending, 

and  Qc  the  corona  charge.  Given  a  constant 
total  corona-pulse  charge  aQc  and  assuming 
negligible  oxide  leakage,  Eq.(l>  leads  to 

dVs/dt  =  dys/dt  (2) 


bending  vs.  Equating  the  silicon  image 
charge,  Qs i *  to  Qc  for  conservation  of 
charge,  charge  neutrality  requires 

aQc  =  aQsi  =  aO,,.v(  t )  +  qN«  a X  <  t  > 

*  Cox  CAVs(t)  -  OVs(t>]  (3) 

Eq .  (3)  assumes  no  charge  loss  to  the 

surface  and  perimeter;  where  N„  is  the 
silicon  doping,  assumed  uniform*  &X(t> 

(-  X  -  X,  ,,v  )  the  instantaneous  depletion 
depth  increment  from  the  equilibrium  value 
and  D,„v  is  the  inversion  minority 
carrier  charge. 

If  the  deep-dep 1 et i on  silicon  capacitance, 
Csi(t>  =  csi/X(t),  is  contributed  solely 
by  the  doping  charge,  we  have 
dys/dX  =  qNt»X/«:si,  and  tne  generation 
leakage  can  be  obtained  from  Eqs.  (2>» 

(3),  assuming  negligible  diffusion 
component  at  room  temperature: 

lg  =  dQ»,w/dt  =  -  qN„  dX/dt 
=  -  C  t  si /X  3  dys/dt 

=  -  Csi ( X )  dys ( t ) /dt  <  4 ) 

Note  that  Eq.(4)  has  a  simpler  expression 
for  Ig  than  tne  MOS  theory  under  similar 
assumptions,  as  per  2erbst  relation  C 1 0 3 . 
This  is  a  consequence  of  holding  the  pulse 
charge  constant  instead  the  gate-voltage 
constant.  Unlike  MOS,  COS  does  not  need 
the  extra  gate  charge,  Cox  dys/dt,  to 
maintain  a  fixed  gate  voltage.  Thus  it 
will  result  in  a  lower  final  oxide  field 
for  the  same  pulsed  depletion  depth.  This 
is  an  advantage  for  working  with  thin 
ox ide . 

Considering  centers  with  equal  steady- 
state  generation  and  recombination  rates* 
uniformly  distributed  in  X,  the  generation 
lifetime  ig  of  the  minority  carriers  can 
be  evaluated  by 

lg  =  qn  it  X( t )  -  X  *„v3  / xg 

=  C  «  s  i  /  X  3  dVs/dt  ( 5 1 

Eq  (5>  shows  a  linear  relation  between 
dVs/dt  and  X  (X-X  ,  which  can  be  used  to 
examine  the  measurement  model. 

Resu 1 ts 

Samples  of  1E15  p-s>  1  icon,  with  or  without 
thermal  pre-treat,  and  1E16  n-epitaxial 
with  an  n+  buried  layer  on  a  p-substrate 
are  studied.  MOS  results  and  chemically 
etched  defects  are  compared. 

I.  Generation  Leakage 

Fig.  3  shows  the  plots  of  dVs/dt  versus 
X(X-X,.,„)  for  several  samples.  The  linear 
regime  of  the  plots  shows  where  the 
corona-pulsed  potential  measurement  for 
generation  lifetime  is  valid.  The  life 
times,  as  calculated  from  the  linear  slope 
[(qn, )/tsi  ig],  are  consistent  with  the 
MOS  l ifet imes . 

The  deviation  of  the  curves  in  Fig.  3  from 
an  ideal  linear  relation  is  caused  by 
high-field  effects  in  the  strong  deep- 
depletion  and  a  non-uniform  surface  doping 
in  the  weak  deep-depletion. 


Eq.  <2)  says  the  rate  of  change  of  Vs 
transient  is  a  direct  measure  of  the  rate 
of  change  of  silicon  deep-dep  1  et  i  on  h*nri- 
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II.  Random  Single  Crystal  Defects 


Corona  B'( 


Pun* 


Surface  Poien-iei  Deiecti^n 


Similar  to  the  method  of  MOS*  random 
single  silicon  crystal  defects  at  low 
density  <<  1  defect/cmff)  will  result  in 
very  short  duration  COS  potential 
transient.  Such  detection  normally  is 
difficult  to  achieve  with  preferential 
etch.  In  the  presence  of  a  single  crystal 
defect*  an  extroadinar i ly  rapid 
generation-recombination  rate  occurs  at  a 
very  localized  site*  thus  the  concept  of 
uniform  generation-recombination  is  no 
longer  valid.  Instead*  the  silicon  deep- 
depletion  behavoir  is  dominated  by  the 
property  of  the  local  defect-center .  We 
shall  show  this  sensitivity  on  ar 
epitaxial  s»l icon  sample. 

Fig.  4  shows  a  population  of  transient 
potential  traces  collected  from  an 
epitaxial  sample.  Four  electrically 
defective  sites  manifest  themselves  by 
much  more  rapid  recovery  transient,  mostly 
accompanied  with  smaller  maximum  ays .  MOS 
results  from  these  sites  show  consistent 
excessive  leakages,  2-4  orders  of  mag¬ 
nitude  higher  than  the  average  population. 
With  preferential  etch,  a  single  bulk 
epitaxial  etch  pit(s)  is  exclusively  found 
within  the  area  of  electrically  defective 
sites.  Band  bending  pinning  at  the  physi¬ 
cal  defect  is  believed  to  limit  the  full 
extent  of  the  deep-depletion  depth.  This 
effect  allows  us  to  estimate  the  approxi¬ 
mate  depth  of  a  bulk  defect  from  the 
maximum  a*  measurement  of  a  defective 
site.  The  calculated  defect  depths  can  be 
compared  with  defect  unlayering  in 
repeated  etching  steps. 
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The  pulsed  MX  capacitor  technique  at  elevated 
temperatures  [1]  was  employed  for  characterization  of 
recombination  lifetimes,  r  on  p-type  epitaxial 
layers.  This  technique  reliesron  the  dominance  of  the 
quasi-neutral  bulk  generation  (diffusion  current) 
over  the  generation  within  the  space  charge  region 
and  surface  generation  at  elevated  temperatures.  The 
lateral  contribution  of  the  diffusion  current  was 
taken  into  consideration  [2 j  ^.or  the  MX  capacitors 
fabricated  on  thin  p-type  epitaxial  layers. 
Previously  [2],  it  was  assumkl  that  the  contribution 
of  minority  carriers  at  the  epi-layer  -  p  substrate 
interface  is  negligible;  however,  a  significant 
number  of  minority  carriers  seem  to  generate  from 
this  interface  which  result  in  low  apparent  lifetimes 
of  the  p-type  epitaxial  material.  Therefore,  the 
recombination  lifetimes  calculated  based  on  the 
assunption  of  zero  generation  of  minority  carriers 
at  the  epi-layer  -  p  interface  are  apparent  values 
rather  than  the  actual  T  values.  Investigation  of 
various  epitaxial  layer  thicknesses  reveals  tiiat  a 
significant  number  of+minority  carriers  are  generated 
-t  the  epi-layer  -  p  substrate  interface  causing  an 
order  of  magnitude  reduction  in  measured  or  apparent 
reccnbination  lifetimes. 


Extremely  high  generation  lifetimes  of  the  order 
of  20-30  msec  were  observed  on  p-type  epi-layers  of 
doping  concentrations  of  4x10 14  an"  which  was 
supported  by  DEIS  measurements  where  no  significant 
deep  levels  with  concentrations  higher  than  3xl0IX 
or.  were  present.  The  density  of  interface  states  at 
the  si-SiO  interface  was  lewer  than  10iU  cm  eV  . 
These  measurements  indicate  that  the  active  region  of 
the  epitaxial  material  is  free  frem  defects  or 
impurities . 


The  return  to  equilibrium  in  the  pulsed  MDS 
capacitor  is  sum  of  four  processes  which  may  be 

It  consists 
within  the 
at  the  epi- 
generation 
and  surface 


(1) 

where  N  is  the  doping  concentration  of  the  p-type 
epi-layer,  L  the  diffusion  length,  the  epi-layer 
thickness,  and  D  the  diameter  of  the  MX  capacitor. 
At  elevated  temperatures  generation  within  the  space 
charge  region  and  surface  generation  (last  two  terms) 
sire  negligible.  Therefore,  J  total  *s  lir>early 
proportional  to  the  epitaxial  nnickness  for  short 
base  width  devices  (L  >  W  ) .  The  total  current 
density  contributing  to  the*5  return  to  equilibrium 
after  application  of  the  voltage  pulse  can  be 
obtained  from  the  time  derivative  calculation  of  the 
C-t  response  [3]  as  follows: 


written  in  terms  of  current  density  [2], 
of  diffusion  of  minority  carriers 
epitaxial  ^.ayer,  generation  of  carriers 
layer  -  p  substrate  interface  (J^  ) , 
within  the  depletion  region  (J  *T; 


generation  (J  ) . 


gen' 


ni  Dn  4Ib 


J  +  J  +  J 
pp+  gen  s 
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( 


OX 


d 


dt 


C(t) 


7 
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where  T  is  the  oxide  thickness  and  C  is  the  oxide 
capacitance. 

The  main  motivation  for  C-t  measurements  at 
elevated  temperatures  using  different  epitaxia^ 
thicknesses  is  to  clarify  whether  the  epi-layer  -  p 
interface  has  a  significant  inpact  on  the 
reccnbination  lifetime  of  the  epitaxial  layers. 
Therefore,  a  set  of  epitaxial  wafers  with  identical 
substrate  and  epitaxial  growth  conditions  except 
different  epi-layer  thicknesses  were  prepared  for 
this  study. 

The  apparent  recombination  lifetimes  based  on  zero 
J  assumption  are  plotted  versus  the  epitaxial 

tffickness  in  Fig.  1.  As  the  epitaxial  thickness  is 
increased  the  apparent  reccnbination  lifetimes 
increases.  Since  the  saitples  had  identical  growth 
conditions,  the  actual  reccnbination  lifetimes  of  the 
epi-layers  are  expected  to  be  the  same  regardless  of 
epi-layer  thickness.  A  plot  of3J.-0*-ai  obtained  from 
the  C-t  transient  response  at  703C'°utlng  Eqn.  (2) 
versus  the  epitaxial  thickness  is  shewn  in  Fig.  2. 
Each  data  point  in  this  figure  represents  an  average 
of  30  measured  values.  The  actual  reccnbination 
lifetime  of  the  p-type  epitaxial  material  is  19  nsec 
which  is  calculated  frem  the  slcpe  of  Fig.  2  using 
Eqn.  1.  This  is  equivalent  to  an  actual  diffusion 
length  of  245  jim.  This  is  an  order  of  magnitude 
larger  than  the  apparent  values  for  thin  (13  /im)  epi- 
layers  shewn  in  Fig.  1.  Since  the  ccmhined 

contribution  of  the  generation  within  the  space 
charge  region  and  the  surface  generation  is  only 
about  4  nA/air  at  70°C,  the  interface  of  epi-layer  - 
p+  substrate  (J  )  is  responsible  for  the  remaining 
current  seen  ftxan  the  intercept  of  Fig.  2.  Thi^ 
suggests  that  the  interface  of  the  epi-layer  -  p 
substrate  constitutes  70%  of  the  total  current  for 
thin  (13  jm)  epitaxial  layers.  As  the  diffusion 
current  increases  with  respect  to  by  increasing 

the  epitaxial  the  apparent  recr*bL*v»t<r*n 

lifetimes  approach  the  actual  7  values  of  the  epi- 
layer  in  Fig.  1.  Therefore,  the  ipain  limitation  in 
the  reccnbination  lifetimes  in  p/p  epitaxial  wafers 
is  due  to  a  localized  degradation  of  lifetime  at  the 
interface  of  the  epi-layer  -  substrate  rather  than 
the  epitaxial  layer  itself. 
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Figure  1)  Apparent  recombination  lifetimes  versus  the 
epitaxial  thickness. 
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Figure  2)  Current  density  as  a  function  of  epitaxial 
thickness  at  T>=70  C. 
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The  use  of  magnetic  fields  in  the  electrical 
characterization  of  semiconductor  materials  is 
familiar  to  everyone,  in  the  form  of  Hall-effect, 
measurements.  However,  there  is  another  magnetic- 
field-based  phenomenon,  magnetoresistance  (MR),  which 
is  highly  useful  but  not  nearly  so  familiar  to  the 
majority  of  workers.  One  of  the  unique  features  of  MR 
measurements  is  their  applicability  to  common  device 
structures,  in  particular,  field-effect  transistors 
(FiiT's)  mad  con  tact- resistance  patterns.  We  will  show 
how  channel  mobility  information  can  be  extracted  from 
the  MR  data  in  metal -semiconductor  FET's  (MESFET’s) 
and  modulation-d^ped  heterostructure  FET’s  (MODFET's), 
and  also  how  the  material  under  ohmic  contacts  can  be 
compared  with  the  unprocessed  material  to  see  if 
appreciable  contact-element  diffusion  has  occurred. 
Finally,  we  will  consider  some  common  problems  which 
are  often  overlooked  in  performing  simple  Hall-effect 
measurements  on  thin  structures.  Some  useful  formulas 
and  plots  are  presented. 
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Introduction: 

Low  frequency  noise  measurements  are  used  as  a  powerful 
process  development  and  characterization  tool  for  field-effect 
transistors  (FETs).  By  measuring  the  spot  frequency  gate-referred 
noise  power  as  a  continuous  function  of  temperature  at  different 
spot  frequencies  as  well  as  measuring  the  gate  and  drain  bias 
dependence  of  the  noise  for  different  wafer  process  variations, 
very  useful  process  development  and  characterization  information 
can  be  obtained. 

Theory: 

The  sources  of  low  frequency  noise  in  MOSFETs  are  flicker 
noise,  generation-recombination  (G.R.)  noise  and  thermal  noise. 
These  types  of  noise  will  be  present  in  other  types  of  FETs  to 
varying  degrees. 

The  temperature  dependence  of  the  spot  frequency  noise  curves 
for  flicker  noise  is  determined  by  the  energy  dependence  of  the 
oxide  trap  density.  In  general,  flicker  noise  has  a  gradual  change 
with  temperature.  Theoretically  it  is  possible  to  obtain  a  spot 
frequency  noise  peak  when  the  sample  temperature  is  scanned 
which  would  not  shift  to  higher  temperatures  with  increasing  spot 
frequency. 

Generation-recombination  noise,  on  the  other  hand,  has  strong 
peaks  at  specific  temperatures  depending  on  the  spot  measurement 
frequency.  As  the  spot  frequency  increases,  the  peaks  reduce  in 
magnitude  and  shift  to  higher  temperatures.  The  G.R.  trapping 
parameters  can  be  extracted  in  a  manner  analogous  to  Deep  Level 
Transient  Spectroscopy  (DLTS).  This  is  accomplished  by  an 
Arrhenius  analysis  of  spot  frequency  noise  versus  temperature  of 
the  noise  peaks. 

Thermal  noise  can  dominate  in  long  narrow  channel  devices 
operated  at  low  drain  voltage  and  higher  frequencies  where  flicker 
noise  is  low.  It  usually  decreases  gradually  with  temperature  in 
MOSFETs. 

Experimental  results: 

Room  temperature  noise  measurements  performed  at  a  spot 
frequency  of  1kHz  for  four  different  process  variations,  and  as  a 
function  of  drain  voltage  are  shown  in  Figure  1. 
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figure  1  Gate  referred  mean  squared  noise  voltage  versus  drain 
voltage  at  a  spot  frequency  of  1  kHz  for  four  different  Si 
MOSFET  passivation  processes.  Vgs  =  1.35  to  1.4  V  so  that 
I<isat=  4  Op  A. 


The  process  wiih  an  Argon  gale  oxidation  push  and  anneal  and 
with  PECVD  silicon  nitride  final  passivation  gives  the  lowest 
noise  and  is  also  independent  of  drain  voltage.  This  is  believed  to 
be  due  to  the  prevention  of  nitridation  during  the  oxidation  process 
and  even  more  important,  the  high  hydrogen  content  of  the 
PECVD  silicon  nitride  process.  Hydrogen  becomes  encapsulated 
by  the  silicon  nitride  and  reduces  interface  states. 


Figure  2  shows  values  of  the  density  of  interface  traps  as 
determined  from  noise  measurements  and  compared  wiih  values 
from  charge  pumping  experiment Noise  measurements  show  the 
greater  sensitivity  especially  for  the  lower  noise  level  processes. 
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Figure  2.  A  comparison  D,t  calculated  from  low  frequency  noise 
urn}  charge  pumping  experiments  vs.  spot  frequency.  The  devices 
are  Si  MOSFETs  passivated  by  four  different  processes 
Phosphorus  silicate  glass  (PSG)  and  silicon  nitride  under  N-*  and 
Ar  atmospheres.  Vgs  =  1.35  to  I  4  V  so  that  Ijsat*  40pA 


Strong  GR  noise  can  be  identified  by  the  peaks  in  the  fanulv  of 
spot  frequency  noise  versus  temperature  curves  of  Figure  3. 
where  the  peaks  shift  to  higher  temperatures  as  the  spot 
frequencies  are  increased. 
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Figure  3.  Measured  spot  frequency  gate  referred  noise  power  as 
function  of  temperature  for  3N158.  p -channel  MOSI  PT 

The  GR  trapping  parameters  arc  then  extracted  from  then-  peaks  in 
a  manner  analogous  to  DLLS  measurements  using  ;i  spot 
frequency  noise  Arrhenius  plot.  I  here  is  good  agreement  Iviween 
these  results  and  Dl.TS  measurements  on  the  same  devices 
Various  combinations  of  flicker  muse  and  GR  noise  m.t\  exist 
When  PECVD  silicon  mimic  passivation  is  mnl  in  place  pi  |\si; 
passivation,  ihe  flicker  noise  is  reduced  while  the  GR  nope  peak 
amplitudes  remain  unchanged  isec  Figures  4a  and  4h> 
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Figure  4.  Spol  frequency  gate-referred  noise  power  as  a  function 
of  temperature  for  CMOS  device,  p-channel  W/L  -  23/5,  V^s-  =  - 
-i.9  V;  passivated  with  (a)  pyrox  and  (b)  PECVD  silicon  nitride 

This  is  because  traps  in  the  depletion  region  are  not  reduced  by  the 
hydrogen  as  are  the  surface  traps. 


,eure  4  Spot  frequency  noise  versus  temperature  for  an 
lGa.-WG.tAs  MODFET  w tth  W/L  «  MXV1WV ul  V V J'  ' 

s  the  dra'in'wfttige  is  increased  into  sautratton.  C.R  notse  tends  to 

.  .y. . V,.,  4V,.-Wr  ■  - 


Noise  measurements  can  also  be  performed  on  other  FfiT  devices.  Details  of  these  results  will  be  presented. 

Spot  frequency  noise  versus  temperature  measurements  for 
AIGaAs/GaAs  modulation  doped  FET  devices  indicate  GR  traps 
which  are  most  easily  observed  at  low  drain  voltages  (Figure  5a). 
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I.  Introduction 

Low  contact  resistances  to  both  shallow  and  deep 
junctions  are  required  in  discrete  and  integrated  high 
voltage  devices  to  minimize  the  power  dissipation.  to 
increase  the  switching  efficiency,  and  to  improve  the 
frequency  response  characteristics  (1*4],  For  smart 
power  applications,  low  voltage  logic  circuitry  at  the 
VLSI  complexity  need  to  be  monolithically  integrated 
with  high  voltage  switching  devices  (5].  This  function 
requires  simultaneous  low  resistance  contacts  to  both 
n-  and  p- type  silicon  and  to  both  shallow  and  deep 
junctions.  It  is  generally  well  known  that  contacts  of 
aluminum  based  alloys  to  p-type  silicon  have  low 
resistances  because  of  relatively  smaller  Schottky 
barrier  height  (6,7]. 

In  bipolar  mode  power  devices  such  as  the  Insula¬ 
ted  Gate  Transistor  (IG1,)  [8-10),  reliable  contact 
metallurgy  with  low  contact  resistance  is  needed  to 
both  n-  and  p-rype  silicon  to  reduce  the  latch -up  sac- 
ceptibility,  to  reduce  the  forward  drop,  and  to 
improve  the  device  .afe  operating  area  (SOA).  In  power 
HOSFET’s.  low  contact  resistances  to  source,  drain, 

and  channel  diffusion  result  in  reduced  power  dissipa¬ 
tion,  enhanced  frequency  response,  and  improved  device 
ruggedness  to  high  surge  currents  typically  observed 
when  delivering  power  to  inductive  loads  (11,12).  High 
quality  shallow  and  deep  junctions  with  low  defect 
density  are  required  to  reduce  carrier  recombination 
and  generation  effects  and  to  improve  the  high  fre¬ 
quency  switching  characteristics.  Defect  engineering 
to  fabricate  a  variety  of  silicon  junctions  with  low 
contact  resistances  and  defect  densities  is  therefore 
a  necessity. 

In  this  investigation,  we  report  on  a  detailed 
study  conducted  to  understand  the  contact  characteris¬ 
tics  of  a  variety  ot  shallow  and  deep  As,  B.  and  P 
diffused  junctions  typically  used  in  discrete  and 
integrated  power  semiconductor  technologies.  A  number 
of  implantation/diffusion  and  predeposi  t.  ion/di  f  fus  i  on 
cycles  were  used  to  obtain  a  range  of  sheet  resistan¬ 
ces,  doping  profiles,  junction  depths,  and  surface 
defect  morphologies.  High  resolution  TEM,  SEM.  and 
silicon  surface  etch  delineation  techniques  were  used 
to  understand  the  structural  transformations  and 
dopant  precipitation  mechanisms;  spreading  resistance 
profiling  (SRP),  SIMS,  and  the  four-point  probe 
measurements  were  used  to  measure  electrically  and 
chemically  active  dopant  concentrations,  silicon  sheet 
resistance  and  junction  depths  Both  the 
transmission- 1 ine  contact  (TLC)  test  structures  (13) 
and  cross-bridge  Kelvin  •'eslstors  (14)  were  fabricated 
and  detailed  contact  resistance  measurements  were  per¬ 
formed.  Correlation  between  the  material  and  electri¬ 
cal  contact  characteristic  Is  made  based  on  these 
results  and  an  optimum  contact  processing  sequence 
with  Al  and  A.l  ♦  l%Si  contact  metallurgy  is  derived. 


I.  Contact  Fabrication  Procedure 

The  experimental  device  structures  consisted  of 
As,  B,  and  P  diffused  regions  fabricated  on  <100> 
oriented  silicon  substrates.  Shallow  As  and  deep  P 
doped  junctions  were  formed  by  implanting  As- 75  and 
P-31  species  and  the  implantation  and  diffusion 
parameters  were  varied  to  obtain  a  range  of  doping 
profiles.  Shallow  R  Hoped  Junctions  were  fabricated  by 
implanting  R-ll  species  whereas  deep  Junctions  were 


formed  by  the  predeposition  and  diffusion  of  boron 
from  a  boron  nitride  source.  The  boron  predeposition 
was  carried  out  at  two  different  temperatures  to 
minimize  the  silicon  surface  damage.  Typical  micro¬ 
graphs  of  boron  doped  silicon  surface  delineated  using 
Wright  etch  are  shown  in  Fig.  1  for  predeposition  car¬ 
ried  out  at  two  different  temperatures.  Significant 
reduction  in  the  silicon  lattice  defect  density  can  be 
seen  for  specimens  where  the  predeposition  was  perfor¬ 
med  at  800*C.  Contact  test  structures  were  fabricated 
by  wet  or  dry  etching  [15]  a  layer  of  densifled  oxide 
and  sintering  rf  sputtered  Al  or  Alusll  metal  layers 
in  hydrogen  or  forming  gas  at  465* C. 


III.  Contact  Characterization 

Detailed  contact  resistance  measurements  were 
performed  using  cross-bridge  Kelvin  resistors  and  TLC 
test  structures  to  understand  the  contact  resistance 
uniformity,  contact  linearity  with  current  density, 
and  contact  string  yield  across  4  inch,  diameter  sil¬ 
icon  wafers.  These  measurements  were  also  performed  at 
a  number  of  different  temperatures  in  the  range  of 
O’C  -  225"C  to  understand  the  contact  reliability. 
Specific  contact  resistivity  was  determined  from 
measured  contact  resistance,  contact  dimensions  and 
distributed  two-dimensional  contact  modeling.  Detailed 
correlation  between  the  electrical  and  material 
characteristic  will  be  made  based  on  extensive  contact 
resistance  measurements  and  material  analysis  perfor¬ 
med  using  SIMS,  SRP,  SEM,  TEM,  four-point  probe 
measurements,  and  silicon  surface  defect  density 
measurements  made  from  surface  delineation  techniques 
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Fig.  1  Surface  micrographs  of  boron  deposited  silicon 
surfaces  delineated  using  the  Wright  etch  for  ?  min 
(a)  Boron  deposition  performed  from  a  boron  nitride 
source  at  850°C  (17,000  defects/cm'),  and  (b)  Boron 

deposition  performed  from  a  boron  nitride  source  at 
800°C  with  significantly  reduced  defect  density 
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During  the  last  few  years  considerable  progress  has 
been  made  in  the  implementation  of  the  spreading 
resistance  technique  and  in  the  interpretation  of 
results  obtained  by  using  the  technique.  There  have 
been  developments  in  experimental  procedures,  in  data 
reduction  techniques  and  in  the  understanding  of  the 
results,  particularly  in  resolving  differences  between 
carrier  and  dopant  profiles.  This  paper  will  consider 
each  of  these  in  turn  and  will  discuss  results  of 
analyses  performed  on  conventional  IC  type  structures 
as  well  as  more  demanding  structures  grown  by 
Molecular  Beam  Epitaxy. 

The  preparation  of  the  bevelled  sample  and  the 
conditioning  of  the  probes  remain  the  two  most 
important  parts  of  the  experimental  process.  There  is 
now  general  agreement  that  diamond  bevelled  surfaces 
give  electrically  stable  surfaces.  The  oreparation  of 
probe  tips  is  still  based  on  empirical  data  but  a 
procedure  has  been  developed  [1]  which  gives  good 
electrical  characteristics  and  is  reproducible.  This 
procedure  involves  unique  methods  of  probe 
conditioning  as  well  as  a  rigorous  process  of  probe 
qualification.  One  important  result  of  this  process 
is  that  a  calibration  curve  is  always  generated  which 
has  a  slope  which  is  greater  than  unity.  This  gives 
considerable  advantages  in  the  subsequent  use  if 
correction  factor  algorithms  as  there  are  no  problems 
with  apparent  negative  barrier  resistances. 

The  need  for  efficient  algorithms  for  the  conversion 
of  raw  spreading  resistance  data  into  carrier 
concentrations  has  long  been  recognised  [2]  as  has  the 
need  for  good  data  smoothing  prior  to  the  application 
of  such  algorithms  [3].  A  new  form  of  data  smoothing 
has  recently  been  proposed  which  is  based  on  thv. 
concept  of  onstrained  cubic  splines  [4].  This  has 
been  extensively  tested  and  has  been  found  to  offer 
signifcant  advantages  in  its  ability  to  follow  general 
data  trends  and  to  simul taneosuly  reduce  noise  to  an 
acceptable  level.  This  algorithm  requires  little 
operator  input  and  allows  complex  multilayer  type 
structures  to  be  smoothed.  Furthermore  it  can  be 
implemented  on  a  desk  top  computer  and  does  not 
require  excessive  computation  time.  Examples  of  the 
applications  of  this  al gori thm  wi 1 1  be  presented. 

The  calculation  of  the  sampling  volume  correction 
factor  has  always  proved  difficult  but  there  is  now  a 
choice  of  algorithms  which  can  be  used  as 
circumstances  demand.  The  Berkowitz-Lux  method  has 
been  extended  to  include  barrier  resistance  and  as  a 
consequence  gives  greater  accuracy  in  situations  where 
a  conducting  lower  boundary  exists,  e.g.  n  -n+  or  p-p+ 


epitaxial  layers.  This  method  is  however  only 
directly  applicable  if  the  effective  barrier 
resistance  is  positive.  In  most  facilities  this 
condition  is  violated  for  p  type  material  but  the 
probe  conditioning  procedures  we  employ  overcome  this 
problem.  Different  formulations  of  the  algoritnrs 
using  a  variable  radius  formulation  are  also  now 
available  and  the  value  of  these  will  be  assessed. 

By  combining  our  experimental  technique  with  the  best 
choice  of  smoothing  and  the  appropriate  formulation  of 
the  correction  factors,  we  obtain  carrier 
concentration  profiles  which  are  the  best  that  can 
currently  be  achieved.  Despite  this,  there  are 
numerous  examples  where  there  is  a  large  discrepancy 
between  carrier  concentrat ion  profiles  as  determined 
by  spreading  resistance  and  atomic  or  dopant  profiles 
as  determined  by  SIMS  or  Neutron  Activation  Analysis 
e.g.  low  dose  implants  [5]  and  high  to  low  rapid 
resistivity  transitions  which  can  be  achieved  by 
Molecular  Beam  Epitaxy.  In  an  attempt  to  try  and 
resolve  these  discrepancies  experimental  studies  •'ave 
been  undertaken  by  profiling  samples  in  the  normal  and 
in  the  "upside-down"  configuration  [6].  These  studies 
have  been  complemented  by  modelling  the  system  by- 
solving  the  one  dimensional  Poisson  equation  witr 
particular  boundary  conditions  to  give  an  "or  bevel" 
carrier  distribution.  A  coherent  picture  ha$  emerged 
from  these  studies  which  shows  that  one  dimensional 
carrier  spilling  is  responsible  for  most  of  tre 
observed  discrepancies.  Examp 'es  will  be  shown  of 
cases  when  carrier  spilling  must  be  taken  into  account 
to  be  able  to  infer  vertical  carrier  distributions  and 
ultimately  dopant  distributions. 
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The  accurate  determination  of  tl  _■  electrical 
carrier  and  dopant  profile  is  an  important  issue  in 
the  control  of  VLSl-processes  dealing  with  sub¬ 
micron  devices.  The  use  of  submicron  devices 
has  highlighted  the  problems  associated  with  the 
standard  interpretation  of  spreading  resistance 
profiles.  In  particular  the  difference  between  the 
tltclrical  carrier  and  the  atomic  dopant  distribu¬ 
tion  has  not  been  accounted  for  on  a  routine  basis 
in  conunercially  available  correction  routines. 

In  the  present  work  we  report  on  the  imple¬ 
mentation  of  a  one  dimensional  model  which  re¬ 
lates  the  carrier  and  the  dopant  profiles  through 
the  solution  of  the  Poisson  equation.  In  this 
model  the  on-bevel  carrier  concentration  is  com¬ 
puted  by  simulating  the  influence  of  the  bevel 
angle  by  sequentially  removing  incremental  lay¬ 
ers  from  the  atomic  doping  profile  [lj.  The 
use  of  this  carrier  spilling  model  allows  to  ex¬ 
plain  the  anomalies  obseived  when  profiling  low 
dose  implants  into  same  and  opposite  type  sub¬ 
strates.  In  the  latter  case  a  profile  much  shal¬ 
lower  and  apparently  much  lighter  doped  is  ob¬ 
served  than  in  the  former  case.  This  can  how¬ 
ever  be  explained  based  on  the  carrier  spilling 
effects  (Fig  1).  Also  in  the  case  of  abrupt  junc¬ 
tions  (n+  on  p,  p+  on  n)  the  model  explains 
why  no  "junction  peak"  can  be  observed.  Exten¬ 
sive  comparisons  with  the  carrier  spilling  effects 
calculated  with  two-dimensional  simulators  indi¬ 
cate  that  the  two-dimensional  efTect  is  extremely 
small  for  most  practical  applications.  In  fact  the 
one-dimensional  calculation  can  also  predict  the 
maximum  two-dimensional  effect  such  that  al¬ 
ways  the  accuracy  of  the  model  can  be  evaluated. 

The  correct  interpretation  of  spreading  resis¬ 
tance  measurements  is  further  complicated  by 
the  fact  that  presently  available  schemes  rely 
on  the  Schmann  and  Gardner  multilayer  theory 


which  evaluates  the  resistance  based  on  the  car¬ 
rier  levels  on  the  bevel  [2].  However  for  submi¬ 
cron  ranges  one  should  definitely  use  the  "un¬ 
derlying  vertical  carrier  profile ”  and  not  the  on 
bevel  carrier  profile  since  it  is  the  first  one  which 
determines  the  actual  current  distribution  and 
hence  the  correction  factor  to  be  applied.  There¬ 
fore  a  simple  reverse  Poisson  solution  after  cal¬ 
culating  the  on-bevel  carrier  profile  will  not  lead 
to  the  correct  results.  Finally  on  should  realize 
that  current  schemes  use  a  mobility  value  for  con¬ 
verting  resistivity  to  concentration,  based  on  the 
carrier  concentration  whereas  in  extreme  cases  of 
carrier  spilling  the  dopant  concentration,  which 
can  be  quite  different,  is  the  determining  factor. 
A  new  correction  scheme  is  proposed  which  takes 
into  account  the  correct  calculation  of  the  cor¬ 
rection  factor  using  instantaneous  vertical  car¬ 
rier  profiles  as  well  as  the  correct  mobility  value 
through  the  calculation  of  the  on  bevel  as  well  as 
vertical  carrier  and  dopant  distribution. 

Experimentally  the  analysis  of  devices  can  also 
be  influenced  by  the  current  restriction  in  these 
small  structures.  In  this  case  the  measured 
spreading  resistance  will  not  correspond  to  the 
value  measured  on  a  homogeneous  substrate.  Us¬ 
ing  specially  designed  structures  we  have  mea¬ 
sured  the  effect  of  close-by  boundaries  on  the 
spreading  resistance  of  identical  profiles.  It  was 
found  that  the  resistance  increases  significantly 
(factor  2-5,  Fig.  2)  as  the  boundaries  come  closer 
than  the  probe  spacing.  Theoretical  calculations 
using  a  3D-solution  to  the  Poisson  equation  con¬ 
firm  that  the  effect  can  solely  be  ascribed  to  the 
restriction  of  the  current  flow  in  these  analy¬ 
sis.  In  addition  it  was  found  that  this  increase 
in  spreading  resistance  in  these  small  structures 
leads  to  an  incorrect  evaluation  of  the  integrated 
dose  of  the  profile.  No  effect  on  the  measured 
junction  depth  was  found. 
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Figure  1:  Apparent  carrier  profile  for  low  dost 
implant  into  p-type  (a)  and  n-type  ( b )  substrate. 
The  solid  lines  correspond  to  the  dopant  profiles, 
the  double  lines  to  the  carrier  profiles  calculated 
using  the  one  dimensional  carrier  spilling  model. 
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Figure  2:  Variation  of  the  spreading  resistance 
measured  at  the  surface  of  a  B-implant  into 
n-type  substrate  flOucm~3,  50  keV),  with  the 
distance  between  two  insulating  boundaries  par¬ 
allel  with  the  probe  points. 
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INTRODUCTION  -  A  contactless, 
Corona-Oxide-Semiconductor,  COS,  technique 
for  P  or  N  type  silicon  doping  measurements 
is  presented  as  a  convenient  alternative  to 
conventional  Metal-Oxide-Semiconductor,  MOS , 
methods  [1,2).  As  in  MOS,  we  use  silicon 
depletion  theory  (3).  Unlike  MOS,  we  use  a 
corona  discharge  to  replace  the  metal  MOS 
electrode,  similar  to  [4,51  and  our  later 
work  (6,7,8).  Furthermore,  unlike  earlier 
corona  applications  in  the  semiconductor 
industry,  this  paper  and  another  paper  19] 
at  this  meeting  feature  pulsed  silicon  deep 
depletion  measurements  with  a  corona 
discharge  16). 

COS.  TEST-APPABAIUS  -  Fig.  1  shows,  for 
example,  an  oxidized  N  type  wafer  on  a 
vacuum  chuck  riding  on  an  X-Y  stepper.  The 
stepper  moves  selected  wafer  testing 
locations  between  two  corona  discharge  guns 
and  a  customized,  automatic  Kelvin  Probe 
System  for  contactless  surface  potential 
measurements.  Each  corona  gun  consists  of  a 
needle,  connected  to  a  +/-  6-8Kv  source,  and 
associated  electrodes  for  creating  and 
directing  a  well  defined  beam  of  ionized 
room  air  down  to  the  wafer  surface.  Beam 
diameters  of  the  large  and  small  guns  are 
controlled  by  metal  masks,  similar  to 
16,7,8,10).  The  Kelvin  Probe  System  is 
actually  a  combination  of  two  automatic 
Ke)vin  Systems  that  eliminate  the  need  for  a 
backside  wafer  contact  by  measuring  changes 
in  wafer  surface  potential,  V  ,  relative  to 
wafer  bulk.  Measurement  response  tin.e  is 
about  100  ms.  The  top  Kelvin  System  senses  a 
selected  wafer  testing  location  via 
capacitive  coupling  across  a  small  air  gap. 
The  bottom  Kelvin  system  similarly  senses 
the  back  of  the  wafer.  All  of  the  above 
apparatus  is  housed  in  a  dark  enclosure. 

CQ£_D0PIKG.  MEASUREMENT- PROCEDURE  -  Consider 
an  N  type  silicon  example.  First,  a  2  cm 
diameter  region  on  the  wafer  surface  is 
accumulated  by  positive  charging  from  the 
large  corona  gun,  as  shown  in  Fig.  2a.  Then, 
as  shown  in  Fig.  2a,  a  1  cm  diameter  area 
within  the  accumulated  region  is  inverted  by 
negative  charging  from  the  small  corona  gun. 
This  results  in  a  field  induced  P-N 
junction,  with  a  perimeter  surrounded  by  an 
accumulated  silicon  guard  ring  to  minimize 
surface  effects.  Next,  a  100  ms  negative 
corona  burst  from  the  small  gun  pulses  the 
junction  into  deep  depletion.  The  junction 
is  then  rapidly  centered  under  the  pick-up 
plate  of  the  top  Kelvin  System  to  capture 
the  resultant  V  transient  she  r.  in  Fig.  3, 
From  Fig.  3,  thl  changes  in  silicon  surface 
potential,  dV  and  oxide  potential,  dVox, 
are  combined  (Hth  the  known  oxide  thickness, 
T  ,  to  calculate  silicon  doping 
concentration,  H(j,  using  (3). 


shows  a  field  induced  P-N  junction 
immediately  after  the  deep  depletion 
negative  corona  burst,  dQ  .  For  example, 
consider  the  case  of  uniform  doping,  N,: 

W.  and  PSI.  are  the  silicon  depletion 
d^P^h  and  suffice  potential,  respectively, 
corresponding  to  strong  inversion.  From  (3J: 

Winv  "  f2(Esi)PSIinv/(<J(Nd),,1/2'  where: 

PSI.  *  (KT/q)  (Ln(N,/ni>  +  2.08),  as  per 
inv  ^  d 

Lindner  (3).  dw  is  the  additional  depletion 
depth  resulting  from  instantaneous  silicon 
charge  imaging  of  dQQx .  From  conservation  of 
charge :  dQQX  =  <Eox/T*x> (dVQX)  -  dQsi  - 
qN^(dW).  From  13),  for  deep  depletion:  h\ny 

+  dW  =  (2(Esi)(PSIinv  +  dVsi)/(q(Nd)))1/2. 
Combining  the  above  relationships  leads  to 
an  implicit  expression  for  N,,  which  can  be 
solved  by  iteration.  For  non°uniform  doping, 
we  are  extending  the  same  apparatus  to  do 
profiling  with  a  pulsed  Q-V  method  similar 
to  MOS  pulsed  C-V  (2) .  Incrementally 
increasing  corona  pulses  are  used  to  obtain 
silicon  capacitance,  *  d^si/dVsi* 

RESULTS,  COS  VS  MOS  -  Eleven  experimental,  N 
type,  epitaxial  silicon  wafers  were 
processed  to  produce  a  range  of  N.  from  7el5 
-  Iel7  at/cc.  Aluminum  MOS  dots  (20  mil 
diam.)  were  evaporated  on  a  portion  of  each 
wafer,  with  blank  space  reserved  for  COS 
testing.  N,  was  measured  at  3  sites/wafer  by 
COS  and  the  MOS  Cmax-Cmin  method  (1).  Fig.  5 
shows  the  good  agreement  obtained. 

Di£CUSSI£I^C0MCUJ£10NS  -  The  COS  technique 
is  primarily  limited  by  corona  discharge 
beam  characteristics  and  control:  Uniformity 
affects  accuracy,  sharpness  of  edge 
definition  affects  fast  surface  spates 
related  errors  and  repeatability  is  critical 
for  attempting  doping  profiles.  In  the 
absence  of  silicon  defects,  the  deep 
depletion  transients  we  obtained  were  so 
slow  (tens  to  hundreds  of  seconds)  that  the 
several  hundred  ms  required  for  charging, 
moving  and  sensing  during  COS  testing  was 
not  a  limitation.  The  major  COS  advantage  is 
no  need  for  evaporated  metal  dots  or 
contaminating  liquid  contacts. 

REFERENCES 

Ill  E.H.  Nicollian  and  J.R.  Brews,  MOS 
(Metal  Oxide  Semiconductor)  Physics 
and  Technology,  John  Wiley  and  Sons, 

NY,  (1982)  pp  407-408 
(2)  Ibid,  pp  383-385 
13)  Ibid,  pp  58-63 

(41  M.H.  Woods  and  R.  Williams,  J.  Appl . 

Phys.,  Vol .  44,  No.  12  Dec.,  (1973). 

151  R.B.  Comizzoli,  J.  Electro.  Chcm.  Soc., 
Vol.  134,  No.  2,  pp.  424-429  (1987) 

[61  H.W.  Curtis,  M.S.  Fung  and  R.L. 

Verkuil,  internal  pat.  pubs.,  '83  -'87. 
(7)  M.S.  Fung,  J .  A .  Bruce  and  R.L.  Verkuil, 
Electro.  Chem.  Soc.  Ext.  Abs.  284,  May, 
'85  Mtg . 

[81  R.L.  Verkuil  and  M.S.  Fung,  Electro. 
Chem.  Soc.  Ext.  Abs.  169,  May  '88  Mtg. 

[9]  M.S.  Fung  and  R.L.  Verkuil,  Electro. 

Chem.  Soc.  Ext.  Abs.  _ ,  Oct.  '88  Mtg. 

(10)  Z . A .  Weinberg.,  et.al.,  Appl.  Phys. 
Lett.,  Vo).  25,  No.  1,  p.  42,  (1974). 


F ig.  2a  -  N  silicon 

ACCUMULATED  BY 
POSITIVE  CORONA 


I  IG  2B  -  N  SILICON 
INVERTED  BY 
NEGATIVE  CORONA 


FID.  4  -  VERTICAL  CRESS  SECTION 
SHGVlNG  INSTANTANEOUS  SEEP 
DEPLETION  AFTER  NEGATIVE  CORONA 
BURST,  D30x. 


Nd ,  at  cc,  <,COS' 


EIG.  5  -  Nd,  MO, 


mi  '  h:;i: 
ME'rHOC 


Abstract  No.  439 


Depletion  Layer  Solver  for  Nonuni  form 
Impurity  Profile  using  Analog 
Computation  Techniques 

A-Shmoi/’,  H.C.Chten’, 

H  C  Liu,  R  Rammwamt 

Pept.  of  Electi  icai  Engineering 
University  of  Maryland 
College  Park,  MD  20742 

Thia  technique  ia  a  fast  and  straight  forward  approach  to  determine  the  junction 
parameters  like  the  electric  field  and  depletion  width  of  a  aemiconductor  device 
doped  with  a  nonuniform  impurity  profile. 

The  common  impurity  profiles  like  the  Gaussian  and  complementary  error 
functions  are  not  normally  available  from  a  standard  function  generator.  The 
object  of  this  work  is  to  generate  these  waveforms  for  a  single  sided  junction  and 
to  use  the  simulated  analog  waveform  to  represent  the  impurity  profile  input 
to  a  Poisson  equation  solver  The  waveforms  are  generated  using  a  personal 
computer  along  with  an  interface  board  consisting  of  D/A  converters  and  this 
makes  the  waveform  generation  technique  very  flexible  enabling  us  to  generate 
waveforms  of  any  specification  and  frequency.  The  Poisson  equation  solver  ia 
an  analog  circuit  that  solves  the  junction  parameters  and  is  unique  since  it  ia 
capable  of  generating  the  constants  of  integration  when  the  Poisson  equation  ia 
integrated.  Assuming  that  the  depletion  approximation  holds  good  we  represent 
the  Poisson  equation  by 

cPV'  n 

ZJT  *  ~(Na  ~  No)  (I) 

where  NA  -  ND  is  the  net  dopaot  concentration  The  electric  field  is  the  first 
integral  given  by 

Cl  denotes  the  constant  of  integration  which  is 

(3) 

*0  t 

The  analog  circuit  used  is  as  shown  in  Figure  1.  By  using  the  set  control 
signals  correctly  it  is  possible  to  control  a  set  of  switches  which  make  the  circuit 
operation  feasible  The  impurity  profile  V  is  the  input  to  the  solver.  The  time  of 
integration  is  varied  such  that  V",  at  the  output  of  the  first  integrator  represents 
the  first  constant  of  integration.  The  constants  of  integration  are  important 
since  they  are  obtained  by  varying  the  signal  frequency  and  the  frequency  of  the 
signal  is  a  direct  indication  of  the  depletion  width  The  second  integral  of  the 
Poisson's  equation  yields  the  potential  distribution 


V(i) 


FA 


»  ?N(>) 


dx)dx 


(4) 


Figure  2  shows  the  control  signals  used.  The  control  signals  are  also  gen¬ 
erated  with  the  aid  of  the  personal  computer  such  that  the  input  signal  V  is 
perfectly  synchronised  with  the  control  signal  Si  Signal  Sj  has  half  the  fre 
quency  of  5|  and  is  used  mainly  to  control  the  awitch  of  the  sample  and  hold 
circuit  which  is  the  component  of  the  solver  that  stores  the  constant  of  integra¬ 
tion  Cl.  Renee  the  frequency  of  the  input  signal  is  varied  until  the  equation  (4) 
is  satisfied  and  equals  the  applied  reverse  bias  V,  it  x  *  u  where  w  denotes  the 
depletion  width.  The  csJiulaicu  versus  pi  (.dieted  depletion  widths  are  indicated 
in  Table  3  which  are  off  by  an  average  of  about  4  percent  which  could  be  at¬ 
tributed  to  the  leaky  capacitors  and  also  human  error  in  voltage  measurement* 

The  photographs  indicate  the  waveforms  obtained  at  various  points  in  the  solver 
during  the  course  of  the  experiment.  The  approach  is  quite  attractive  since  it 
is  possible  to  evaluate  the  depletion  width  and  electric  field  for  any  specifica¬ 
tion  of  the  impurity  doping  profile  and  is  much  faster  than  digital  computation 
techniques. 
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Defect  repair  for  lithographic  masks  is 
currently  the  largest  commercial  application 
for  focused  ion  beams. (1-6]  Defects  in  the 
form  of  excess  mask  material  are  removed  by 
physical  sputtering  and  those  in  the  form  of 
missing  mask  material  are  repaired  by 
gas-phase  ion-induced  material  deposition. 
As  circuit  and  mask  features  have  become 
smaller  with  advancing  VLSI  technology,  it 
has  become  evident  that  laser  ablation  was  no 
longer  adequate  for  photomask  defect  repair. 
Despite  the  advantage  of  focused  ion  beam 
photomask  repair  in  resolution,  there  are 
difficulties  and  1 imi tata t i ons .  The  major 
limitation  for  the  performance  of  focused  ion 
beams  in  mask  repair  is  mask  charging.  Mask 
structures  are  typically  a  patterned  chrome 
absorber  on  a  quartz  or  glass  substrate.  As 
the  substrates  are  insulating,  the  beam  tends 
to  charge  the  substrate  and  electrically 
isolated  Cr  features  to  a  positive  potential. 
If  not  compensated,  the  substrate  will  charge 
up  and  deflect  the  incomming  ions,  causing 
beam  placement  errors.  Electron  flood  beams 
are  generally  used  to  alleviate  this  problem. 
Because  of  the  large  ion  current  density, 
this  process  does  not  always  vuik  enLliely. 
For  most  situations,  the  beam  placement 
performance  is  about  +/-  0.1  micron,  however. 
Focused  ion  beam  repair  has  been  applied 
successfully  to  photomasks  and  will  become 
more  widely  needed  and  accepted  over  the 
comming  years. 

Focused  ion  beam  mictorrjchining  has  also 
been  applied  to  integrated  ci rcui ts . ( 7-9 ]  The 
primary  purpose  for  this  is  as  part  of  the 
diagnostic  process.  It  has  been  applied  to 
debugging  new  circuit  designs  by  correcting 
errors  and  isolating  sections  of  circuits  for 
testing.  The  alternative  to  this  type  of 
design  fault  diagnosis  is  often  guesswork 
followed  by  weeks  of  delay  for  processing  of 
new  wafers.  In  addition  to  cutting  circuits 
by  milling,  focused  ion  beam  induced  metal 
deposition  can  be  used  to  complete  circuit 
connections  allowing  arbitrary  circuit 
editing.  In  the  comming  years,  this 
application  is  expected  to  be  the  dominant 
one  for  focused  ion  beams  in  terms  of  numbers 
of  machines. 

Three  dimensional  structures  produced  by 
focused  ion  beam  micromachining  have  found 
application  in  optoe lect ron i c  devices .( 1 0-12 J 
In  semiconductor  laser  devices,  the  mirror 
facets  necessary  to  form  optical  resonators 
are  generally  formed  by  mechanical  cleaving 
making  integration  of  devices  difficult. 
Focused  ion  beam  milling  has  been  shown  to  be 
capable  of  producing  optical  quality  mirror 
facets  indicating  that  integrated  devices 
were  possible  with  this  technique. 


A  review  of  focused  ion  beam 
micromachining  systems  and  applications  will 
be  presented.  The  machines  have  been 
developed  for  applications  including  x-ray 
and  optical  mask  repair,  integrated  circuit 
modification  and  fabrication  of  integrated 
optical  structures.  These  systems  include 
provisions  for  secondary  electron  and  ion 
imaging,  charge  neutralization,  material 
removal  by  physical  or  chemically  assisted 
sputtering,  gas  phase  material  deposi tion , and 
secondary  ion  mass  spectroscopy  (SIMS). 
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Focused  ion  beam  (FIB)  technology  for  photomask 
repair  has  become  widely  accepted  as  a  practical  tool 
for  photomask  repair,  primarily  because  it  makes  sub¬ 
micron  repair  capability  a  reality.  FIB  induced 
deposition  of  carbon  films  is  regarded  as  an  accept¬ 
able  method  of  repairing  clear  defects. 1  The  repair 
of  opaque  defects,  however,  still  presents  problems 
which  must  be  overcome.  For  example,  residual  chrome 
may  be  present  due  to  incomplete  etching.  Excessive 
etching  may  damage  the  substrate  and  gallium  is 
implanted  in  the  etching  process.  All  of  these 
factors  will  contribute  to  a  Loss  in  transmissivity 
of  repaired  areas.  In  an  effort  to  improve  trans¬ 
missivity,  it  has  been  suggested  that  post-ropa  r 
processing  using  CF^  plasma  etching,  or  CHF3+O2 
reactive  ion  etching,  can  reduce  the  gallium  present 
in  the  repaired  areas. 2, 3  These  processes  subject 
the  entire  photomask  surface  to  the  etching  action  if 
the  plasma,  which  changes  surface  reflectivity  by 
reducing  the  thickness  of  the  chrome-oxide  anti- 
reflective  layer.  This  added  processing  can  tjke  up 
to  20  minutes  per  mask,  and  there  is  a  possibility 
that  new  defects  will  be  created.  The  resulting 
reduction  in  overall  repair  throughput  makes  such 
post-repair  processing  undesirable. 

We  have  developed  a  method  of  secondary  ion  mass 
analysis  coupled  with  chemically  assisted  FIB  sputter 
etching  of  opaque  defects,  which  results  in  98” 
transmissivity,  without  any  additional  post-repair 
processing . 

The  apparatus  used  is  the  SIR-1000  FIB  photomask 
repair  system  with  assist  gas  attachments,  manu¬ 
factured  by  Seiko  Instruments  Inc.4»3  As  the  primary 
Ca+  beam  strikes  the  mask  surface,  secondary  Cr  and 
Si  ions  are  emitted,  collected,  and  mass  separated  bv 
a  sector  magnet,  then  detected  by  individual  channel - 
trons.  This  detection  method  provides  a  very  high 
signa 1-to-noise  ratio  and  allows  for  precise 
monitoring  of  secondary  Cr  and  Si  ion  intensities 
during  the  etching  process  to  determine  end-point,  and 
ensure  the  complete  removal  of  the  Cr  layer,  without 
overetching.  Our  current  etching  technique,  as  it  is 
referred  to  later  in  this  work,  utilizes  only  the 
real-time  end-point  monitoring  described  previously. 
Our  chemically  assisted  technique  simply  introduces  a 
reactive  gas  locally  into  the  opaque  defect  region 
during  etching.  The  introduction  of  the  gas  coupled 
with  the  real-time  end-point  monitor  software, 
reduces  the  gallium  concentration  level  by  487.  as 
confirmed  by  Auger  electron  spectroscopy. 

Transmissivity  was  compared  between  the  current  opaque 
defect  repair  technique  and  our  chemically  assisted 
technique  and  the  data  are  shown  in  Table  1.  Thr  SI. 
and  0Z  listed  in  the  table  represent  soda  lime  and 
quartz  substrates,  respectively.  CR  and  BC  represent 
Cr  and  CrOx  films,  respectively.  Mask  blanks  from 
tour  manufacturers,  one  F.S.  and  three  Japanese,  wore 
etched  using  both  techniques  and  transmissivity  of  the 
repaired  areas  was  measured  using  a  Konica  PDM-5 
m i crodens i tome ter .  Hu*  data  shown  are  from  10X20um 
etched  areas.  This  comparison  shows  an  average 


increase  in  transmissivity  of  137  using  the 
chemically  assisted  technique,  resulting  in  almost  the 
same  transmissivity  as  virgin  glass.  Table  I  also 
shows  that  the  substrate  material  and  the  chrome  tvpc 
have  little  or  no  effect  on  transmissivity . 

A  lithography  test  was  also  performed  to  compare  the 
current  technique  and  our  chemically  assisted 
technique.  A  Perkin-Elmer  M340HT  projection  aligner 
was  used  to  expose  wafers  with  1  . 3-um-th ick  HPR2G4 
photoresist  after  a  1I0°C  90-s  prebake.  We  compared 
etching  results  at  exposure  threshold  (KTH)  and  under¬ 
exposure  levels.  Figures  1(a)  and  1(b)  show  two 
optical  microscope  photos  of  resist  patterns  exposed 
at  KTH  and  at  307  below  ETH ,  respectively.  Circle 
area  1  was  etched  using  the  current  technique  and 
circle  area  2  was  etched  using  the  chemicallv  assisted 
technique.  Although  area  1  in  Fig.  Ha)  shows  an 
unacceptable  residual  resist  image,  area  2  in 
Fig.  1(b)  shows  a  degree  of  resist  exposure  equal  to 
virgin  glass. 
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In  microlithojraphy  one  application  of  focused  ion  beam  milling 
is  the  repair  of  opaque  defects  on  masks  for  optical  as  well  as 
for  X-ray  lilhogiaphy.  Several  specific  problems  arise  in  X-ray 
mask  repair,  which  are  of  no  importance  in  the  repair  of 
photomasks  because  the  absorber  structures  of  X-ray  masks  are 
ten  times  higher  (ca.  1  *im)  than  of  optical  masks.  The  ion 
milling  result  Is  influenced  by  trenching  effects,  ion  beam  energy, 
beam  profile  (current  density),  and  the  applied  milling  strategy 
However,  the  most  important  problem  in  X-ray  mask  repair  is  the 
generation  of  new  defects  at  absorber  edges  by  the  redeposition 
of  sputtered  defect  material.  To  understand  the  consequences  of 
these  interdependent  occuring  sputter  effects,  a  computer 
simulation  of  the  milling  process  is  necessary  to  evaluate  the 
limiting  factors  of  the  attainable  resolution  in  X-ray  mask  mpair 
and  to  develop  appropriate  milling  strategies.  The  ultimate  aim  of 
the  simulation  is  an  online  software  support  for  the  X-ray  mask 
repair  process 

In  a  first  attempt  a  two  dimensional  focused  ion  beam  milling 
simulation  program  based  on  the  string  algorithm  /I/  was 
developed,  which  takes  care  of  most  of  the  mentioned  sputter 
effects  /2/.  Since  the  numerical  method  used  suffers  from  an 
unacceptable  long  computing  time  for  a  complete  process 
simulation  making  the  program  unsuitable  for  in  situ  applications, 
a  new  2D-simulation  program  concentrating  on  redeposition 
effects  was  conceived  This  program  Is  based  on  the  analytical 
formation  of  Smith  et  al.  /3/.  It  assumes  the  removal  of  a 
free  standing  defect  close  to  an  absorber  edge  and  calculates  the 
time  dependent  evolution  of  the  absorber  edge  shape  according 
to  the  occuring  redeposition  The  needed  computing  time  is  in 
the  range  of  seconds  and.  therefore,  of  interest  for  an  online 
application 

The  width  of  the  defect  to  be  removed,  the  defect  height,  the 
milling  depth  per  ion  beam  scan,  the  Ion  energy,  and  the  beam 
diameter  can  be  varied  Fig  1  shows  a  simulated  redepostilon 
profile  at  an  absorber  edge  The  absorber  height  of  2  jim  was 
chosen  to  illustrate  the  shape  of  the  redeposition  profile  The 
width  of  the  Ion  beam  with  an  assumed  square-wave  intensity 
distribution  was  100  nm,  the  beam  was  scanned  once  from  left 
to  right  over  the  defect  area  so  that  the  0  5  mm  wide  defect 


was  removed  in  five  steps  In  the  graphics  every  removed  defect 
‘column’  corresponds  to  one  redeposition  profile  at  the  absorber 
edge 

An  alternative  defect  repair  strategy  can  be  simulated  where  the 
Ion  beam  is  scanned  five  times  faster  over  the  defect  area  (see 
Fig  2).  Then  five  milling  steps  in  the  z-direction  are  necessary 
to  remove  the  defect  completely  The  profile  of  the  redeposited 
defect  material  differs  from  the  redeposition  profile  of  Fig  1  due 
to  the  different  milling  strategy  (all  other  parameters  are  kept 
constant).  The  antinode  of  the  redeposition  club  in  Fig.  2  has 
shifted  in  the  +  z-direction.  The  real  situation  where  the  absorber 
height  is  only  1  ym.  Is  cfoser  to  a  redeposition  profile  indicated 
by  dashed  line  in  Fig  2  Therefore,  milling  strategies  where 
defects  are  removed  in  layers  reduce  redeposition. 

The  angular  distribution  of  the  sputtered  material  depends 
on  the  energy  of  the  incoming  ions  /4 /.  For  high  energies  as 
used  in  X-ray  mask  repair  this  distribution  is  strongly  backward 
oriented  referred  to  the  incoming  ions  and  yields,  therefore, 
smaller  redeposition  as  can  be  seen  in  Fig  3 

A  comparison  with  the  experiment  allows  Fig  4  At  urn  thick 
gold  defect  on  an  X-ray  mask  was  removed  The  100  keV  Ion 
beam  was  scanned  once  from  left  to  right  over  the  defect 
Sputtered  gold  redeposited  at  the  nearby  absorber  edge  The 
'edpoosttion  dub  confirms  the  theoretical  model  (see  Fig  1) 

/I/  J  Lorenz,  J.  Pelka.  H  Ryssel,  A.  Sachs  S  Seidl.  M 
Svoboda. 

IEEE  Trans.  Computer  Aided  Design.  Vol  CAD  4  No  4 
Oct  1985 

/2/  K  P  Muller.  U  Weigmann.  H  Burghause. 

Microelectronic  Engineering  5  (1986).  481-489 
/3/  R  Smith.  SS  Makh  JM  Walls 

Philosophical  Magazine  A  1983  Vol  47  No  4.  453-481 
/4/  JL  Vossen.  1979  J  Phys  E.  12  159 


Fig  1  Simulated  redeposition  profile,  the  Ion  beam  was 
scanned  once  over  the  defect  area 


X 

Fig.  2:  Simulation  of  an  alternative  repair  strategy,  the  defect  is 
milled  in  layers 


Fig.  3;  Redeposition  profiles  for  different  ion  energies 


Fig  4:  SEM-micrograph  of  redeposited  gold  at  an  absorber 
edge  on  an  X-ray  mask 
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The  focused  ion  beam  is  a  very  effectual 
tool  for  modifying  and  debugging  of  microcir¬ 
cuits!  1-3).  Milling  depth  control  is  one  oi 
the  most  important  techniques  when  cutting 
conductors  covered  with  several  layers  of 
insulation.  The  milling  depth  is  well  known 
to  be  proportional  to  the  injected  dose  per 
unit  area.  However,  this  is  not  true  when 
the  milling  area  is  close  to  the  beam  diame¬ 
ter.  This  may  be  because  of  a  beam  profile 
and  redeposition  of  the  sputtered  material. 
In  order  to  analyze  this,  we  have  developed  a 
milling  profile  simulator,  in  consideration 
of  both  sputtering  and  redeposi t ion.  The 
simulation  scheme  is  based  on  ESPR1TM). 

Simulation  procedure 

Coordinate  systems. --Figure  1  show>=-  ^  coor¬ 
dinate  O-xyz  for  describing  Lne  milling  pro¬ 
file  of  a  ‘specimen,  and  another  coordinate  O3 
xB yB zB  for  an  ion  beam  profile.  The  2 -dimen¬ 
sional  milling  profile  is  given  by  sereal 
points,  Pi(xi,zi).  The  beam  profile  is  as¬ 
sumed  to  be  a  Gaussian  distribution.  The 
beam  is  scanned  in  the  y -direct  ion  with  velo¬ 
city  v.  Then  the  scanning  center  is  shifted 
scan  to  scan  by  a  given  pitch. 

Sputter  etching  model .- -Sputtered  volume 
dVs  of  an  element  PiPi+1  is  proportional  to 
the  dose  dQ  injected  into  the  element. 

dVs  =  Sr ( e )  •  dy  [m3  j  < 1  > 

were  Sr(0)  is  the  sputtered  volume  ratio  as  1 
function  of  the  incident  angle G  ,  as  shown  in 
Figure  2.  Displacement  of  each  element  dhs 
is  assumed  to  be  normal  to  the  surface. 

dhs=dVs/ (dl ■ 1 )  [ml  (2) 

where  dl  is  a  length  of  the  element  PiPi+1 , 
and  the  thickness  of  the  element  in  the  y- 
direction  is  assumed  to  be  unity. 

Redeposition  model. --We  have  assumed  that 
the  direction  of  sputtered  particles  has  a 
cosine  distribution.  Figure  3  shows  that  a 
redeposited  volume  dVr  onto  an  element  P j  Pg  + 1 
from  the  element  PiPi+1  ^  hAtr-hoH  portion 
of  the  sputtered  volume  dVs  from  the  element 
Pi  Pi  + 1  . 

dVr=(F(£)-F(a))-  dVs  [m3!  (3) 

where  F(a)  is  a  volume  of  a  portion  of  the 
sputtered  direction  distribution  sphere  which 
is  between  the  x-axis  and  a  plane  of  angled  . 
Displacement  of  each  element  dhr  is  assumed 
to  be  normal  to  the  surface. 

dhr=  (dVr)/(dl*1)  [m]  (4) 

Total  displacement  dh  of  each  element  is: 

dh  =dhs -dhr  [ml  ( 5 ) 


Mi  1 1 1 ng  cond i 1 i on .--Figure  4  sh owe 
ling  parameters.  Their  values  wor*  .. 
lows : 

beam  dl amet or ( FWHM )  0.5,  2ur 
beam  current  i.5nA  for 

6.0 nA  for  2ur 


scanning  velocity  625um/s 

scanning  pitch  0.01 9 urn 

scanning  width  0 . 5  -  8  ur 

Dos*.1  per  unit  soar;  area  was  a  cons  tan 
of  2 3 . 1 nC/urr  : n  any  rase,  which  is  an 
priato  dose  tor  milling  Si 02  to  Out  dt 


Dear:: 


Results  and  discission 

Figure  v  shows  the  simulation  results  of  \ 
nulling  depth  of  various  scanning  widths, 
using  a  0 . 5  u  :r.  fcoarn.  The  results  are  :iu- 
re-ement  wit::  our  experiments.  When  tno  bear 
scanning  width,  is  less  than  2um,  the  r.ii: 
depth  becomes  shu 1 1  owe r . 

Redeposi r ion  of  f  oct .--In  order  to  anj! 
the  above  mentioned  effect,  ve  performed  a 
simulation  witho-.-.  .cue posit  i  on.  Figure 

i  l  lust  r  he  results  with  and  witt.r..* 

redepos  i  t  ioi; .  Or.  the  side  walls,  we  car.  «*>■ 
a  sigr.it  leant  redeposi t  ion  effect.  Hcwev-  r, 
on  the  bottom,  there  is  loss  red  opes :  t  :  r. , 
especially  in  the  case  of  the  2u?  Dear. 

Scanning  width  >-f  f .--Figure  7  shows  ril¬ 
ling  prof  lies  wit  :uv.:  t.  redeposi  t  i  on  .  r.  *  h« 

0 . 5  urn  bear,  case,  the  milling  depth  gets  shu  ; 
lower  when  the  scanning  width  is  loss  t  r.  m 

1  urn.  On  the  other  hand,  in  the  2;:r.  r-;- •- 

case,  the  scanning  width  less  than  4  nr  Di¬ 
vides  a  shallower  milling  depth.  This  is  re  • 
ca use  of  the  sproa .1  beam  t a  i  1  wh  i ch  ? t r i  kv r- 

outside  th<-  scan  area.  Tn  *  he  Gaussi  an.  I  u  m 

4  0- ,  the  maximum  value  of  tne  integrated 
becomes  small  as  shown  in  Figure  6.  Ihcv-.. 
fore,  a  major  reason  for  the  dor  reus*-' 
depth  is  the  beam  profile.  And  t  h*  •  :  ••dot  -.s ;  - 

tion  is  a  nidi  or  factor  for  the  bet  t  cm  ur-  a 

decrement . 

Cone  i us;  i  or. 

A  mi  1  1 1  ng  prof  1 1  s  i  rru  i  it  or  wh  i  ■:::  tak*..-s 

into  consideration  redepos  i  t  i  or.  has  beer, 

developed.  The  results  of  the  simulation  nr.- 
in  agreement  with  our  experiments.  It  has 
been  demonstrated  that  when  the  beam  scanning 
width  is  less  than  4-v  of  the  Gaussian  hour 
profile,  the  depth  becomes  shallower,  prima¬ 
rily  due  to  the  dose  deficiency.  Redeposi- 

tion  is  not  a  major  factor  of  the  milling 

depth,  but  it  has  a  notable  effect  on  hot  tor- 
area  decrement. 
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Simulation  flow. --The  displacement  dh  of 
all  the  elements  is  calculated  in  each  beam 
scanning.  This  is  performed  until  the  neces¬ 
sary  frames  are  completed. 
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Figure  3  Redeposition  model 
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Figure  4  Scan  and  frame 
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Figure  5  Relation  between  scanning  width  and  milling  depth 
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Figure  6  Milling  hole  profile  by  simulation 
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Figure  7  Results  of  simulation  i  without  r«*pos<;ion ) 


Figure  8  Scanning  width  and  integrated  dose 
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Focused  Ion  Beam  SIMS  for  Micromachining  Applications 

L.  R.  Harriott 

M.  0.  Vaslle 

ATS.T  Bell  Laboratories 

Murray  Hill,  New  Jersey  07974 

Liquid  metal  Ion  sources  which  provide  very  highly 
focused  (5,000  to  500A  dla.)  high  current  density 
(1.0  to  0.5  A/ ah2)  Ion  beams  have  offered  the  pros¬ 
pect  of  extending  the  technique  of  secondary  Ion  mass 
spectrometry  well  Into  the  sub-micron  lateral  resolu¬ 
tion  range.  This  tantalizing  prospect  has  been  cited 
numerous  times,  but  only  a  few  successful  Instruments 
have  been  reported.  Levl-Settl  and  caworkers  have 
published  a  detailed  and  thorough  review  of  their 
recent  work  which  describes  their  focused  Ion  beam 
(liquid  metal)  SIMS,  In  which  the  emphasis  Is  on  the 
general  utility  of  high  resolution  scanning  Ion 
mlcroscropy.1  Klngham,  et  al  have  shown  some  ex¬ 
amples  of  Ion  Images  obtained  with  a  liquid  metal  Ion 
source  SIMS,  but  give  only  a  cursory  account  of  the 
Instrunent  and  operating  techniques.2 

Our  intention  Is  to  use  SIMS  as  an  adjunct,  In-sltu 
diagnostic  tool  for  micromachining  applications  which 
utilize  a  liquid  Ga  Ion  source.  The  primary  applica¬ 
tions  are  for  end-point  detection  when  sputtering 
through  thin  films  with  micron  sized  rastered  areas, 
and  for  element  mapping  by  mass  selected  Ion  images 
taken  on  raster  fields  from  one  millimeter  to  10pm. 

The  approach  we  have  taken  Is  quite  pragmatic:  The 
detection  of  secondary  Ions  must  be  done  without 
compromising  any  of  the  functions  or  operating  param¬ 
eters  of  the  focused  Ion  beam  processes.  Signals 
must  be  adequate  to  record  mass  spectra  or  mass- 
selected  ion  Images  within  a  matter  of  one  or  two 
minutes.  Ion  extraction  to  the  SIMS  for  mass  spec¬ 
tral  ..analysis  must  not  Interfere  with  the  normal 
total  secondary  Ion  Imaging,  and  a  mlnlmun  nunber  of 
variables  (one  or  two)  for  SIMS  signal  optimization 
Is  essential  for  convenient  operation. 

End-point  detecton  of  Cr  micromachining  on  photomasks 
was  done  with  raster  sizes  ranging  from  10um  x  10um 
to  Bum  x  Bum.  The  chromium  oxide  enhanced  52Cr+ 
signal  at  the  Cr/glass  Interface  was  used  as  the  end¬ 
point  Indicator.  Verification  of  this  effect  was 
obtained  by  XPS  profiling  through  the  Cr  film.  SIMS 
end-points,  total  Ion  Images,  and  transmitted  light 
measurements  show  that  the  Ion-milling  can  be  con¬ 
trolled  to  stop  prior  to,  or  after,  the  Cr/ glass 
Interface.  Measurements  on  a  common  sample  show  that 
the  absolute  sensitivity  of  the  FIB/SIMS  Is  equiva¬ 
lent  to  that  of  a  commercially-made  SIMS  which  uses  3 
KeV  Oj  primary  Ions  (3  x  10  cps  Cr+/nA  primary  Ion, 
lOOum  raster).  Mass  selected  secondary  Ion  Images 
have  been  obtained  for  high  yield  Ions  such  as  52Cr+ 
and  22A1+  on  raster  fields  of  25um  in  time  Intervals 
ranging  from  20  to  100  sec.  Ar  SIMS  Images  of  lum 
lines  and  spaces  from  a  VLSI  test  pattern  have  been 
obtained. 
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1 .  Introduction 

Focused  ion  beam  is  attractive  for 
various  direct  maskless  processing  including 
resist  exposure  and  direct  etching.  Several 
techniques  to  delineate  resist  patterns  by 
FIB  have  been  investigated.  These  are  con¬ 
ventional  ion  beam  exposure  and  wet 
development1  ,  in-situ  development  by  FIB 
bombardment2'  in  vacuum  or  in  reactive  gas 
ambient,  and  doping  or  modification  technique 
by  Ga  implantations^'.  In  the  present  paper, 
the  current -state-of -art  of  FIB  direct  write 
lithography  will  be  presented. 

2.  Ion  Beam  Lithopgraphy 

Ion  beam  1 ithography ( IBL)  is  new  poten¬ 
tial  means  to  delineate  patterns  with  deep 
submicron  or  smaller  dimensions.  Currently 
ion  beam  lithography  is  being  studied  for  ap¬ 
plications  to  high  resolution  lithography. 
The  high  resolution  of  IBL  can  be  inferred 
from  the  small  forward-  and  back  -  scat ter l ng 
of  the  incident  ions  and  the  small  range  of 
secondary  electrons.  Theoretically,  this  has 
been  shown  clearly  by  a  Monte  Carlo 
simulation4'.  The  negligible  proximity  ef¬ 
fect  enables  one  to  eliminate  data  processing 
step  for  proximity  effect  correction. 
Nanometer  pattern  delineation  and  negligible 
proximity  effect  was  demonstrated  by  using  Be 
FIB  exposure  ' . 

IBL  provides  a  very  high  speed  exposure 
technique.  This  is  due  to  a  large  energy- 
deposition  rate  of  ion  beams  to  resist 
materials.  The  doses  required  to  expose 
resist  is  1011  to  1 0 ' 3 ions/cm2 ,  a  value  of 
which  depends  on  impinging  ion  mass  and  is  2 
to  3  orders  of  magnitude  smaller  than  a  value 
required  to  electron  beam  exposure.  The 
resist  exposure  mechanism  may  be  similar  to 
electron  beam  exposure.  For  PMMA,  it  was 
reported  that  the  g- value  (the  number  of 
chemical  events  occur ed  per  100 eV  of 
deposited  energy)  for  electronic  collision  is 
the  same  between  ion  and  electron  beam 
exposures”  '  and  for  nuclear  collision,  the  g- 
value  is  almost  half  of  electronic  collision. 

A  dose  of  lylO’Vcm  ,  for  example,  cor¬ 
responds  to  only  10  ions  on  averaqe  impinging 
in  a  pixel  with  an  area  of  say,  10x10  nm  . 
At  this  small  number,  statistical  fluctua¬ 
tions  in  the  number  of  impinging  ions  becomes 
significant,  and  there  is  significant  prob¬ 
ability  of  under-  or  over -exposure  in  the 
pixel.  A  simple  calculation  indicates  that 
for  cl  resist  w i  t h  a  sensitivity  of  1x10' 
”C/cfn  (  =f, .  3x  1  01  '  ions/cm2  ) ,  eg,  PMMA,  there 
is  already  a  significant  probability  of 
receiving  60>  of  fluctuation  in  10  nm  square 
pixel,  and  for  high  sensitive  resist  with 
3x10'  'c/cm  ,  it  seems  rather  impossible  to 
delineate  10  nm  sized  pattern.  Therefore, 
both  statistical  fluctuation  and  ion  scatter¬ 
ing  limit  the  ultimate  resolution. 

3.  Se i f - Dove  1 opment  and  Ion  Beam  Assisted 
Process 

Sol  f  dev/-  i  opment  of  resist  lias  been  i  n- 
vost  i  qa  t  «*d  by  electron,  ion  arid  laser  ex - 


res  i  s t  ha  s  been 
ion  arid  laser 


posure.  This  is  attractive  to  eliminate 

wet  development  step  from  lithography  process 
and  thus,  to  reduces  a  possibility  of  con¬ 
tamination  and  realize  process  simplifica¬ 
tion.  Moreover,  this  enables  one  to  develop 
resist  thicker  than  the  ion  range.  There¬ 
fore,  we  may  use  very  low  energy  focused  ion 
beams  and  reduce  damage  in  the  substrate. 
This  is  very  attractive  because  damages  in¬ 
duced  in  the  underlying  substrate  are  very 
severe  problems  to  make  use  of  extremely  high 
resolution  of  ion  beam  lithography. 

It  was  observed  that  nitrocellulose  and 
PMMA  shows  a  relatively  high  self -development 
rate  for  FIB  exposure2'''.  A  400-500nm  thick 
resist  layer  can  be  removed  at  a  dose  of  and 
IxlO14  and  3x1015/cm2,  for  nitrocellulose  and 
PMMA,  respectively.  The  sensitivity  depends 
on  the  ion  mass  and  is  higher  for  light  ion 
which  has  a  dominant  electronic  stopping 
power  over  nuclear  stopping  power.  This  may¬ 
be  because  for  electronic  collision,  side- 
chain  scission  and  evaporation  of  volatile 
fragment  is  dominant  process,  while  for 
nuclear  collision,  carbonization  is  dominant. 
Because  of  this  carbonizat ion  at  the  surface, 
heavy  ion  bombardment  shows  low  self¬ 
development  rate.  For  PMMA,  it  was  observed 
that  the  surface  becomes  carbonized  by  heavy 
ion  bombardment  at  a  dose  higher  ti.an 
1x10'5/cm2  and  self-development  rate 
decreases  to  1/7  of  that  for  fresh  PMMA. 

Carbonized  layer  is  removed  by  bombard¬ 
ing  FIB  in  reactive  gas  ambient  like  XeF2 '  • 

The  chemical  reaction  between  the  resist  ar.  i 
PMMA  is  enhanced  by  both  nuclear  and 
electronic  collision,  and  consequently,  heavy 
ions  which  have  larger  total  energy  deposi¬ 
tion  rate  shows  higher  removal  rate.  This 
ion  beam  assisted  etching  has  been  applied  to 
direct  paterning  of  various  materials  includ¬ 
ing  Si  and  GaAs. 

4.  Defects 

For  silicon,  it  is  reported  that  protor. 
irradiation  to  MOS  devices  at  a  beam  energy 
of  4  5  to  150  k  e  V  and  at  a  dose  of  lx  to 
10x10  3/cm2  induces  no  difference  in  Vj  and 
gm  between  irradiated  and  unirradiated 
samples  after  annealing  at  450°C.  For  GaAs 
and  InP,  ion  irradiations  induce  deep  com¬ 
pensating  center  at  a  dose  between  10  and 
1 01 4 / cm2  but  these  centers  are  eliminated  by 
thermal  annealing.  Irradiation  and  annealing 
effects  on  device  characteristics  should  be 
investigated  in  more  details.  However,  it 
can  be  expected  that  damaqe  effect  may  be 
small  because  the  dose  required  for  exposure 
is  low  compared  to  a  dose  required  for  ion 
implantation.  It  is  also  possible  to  avoid 
penetration  of  ions  into  the  substrate  by- 
selecting  proper  beam  energy. 
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I  •  Introduction 

Utilizing  advantages  of  focused  ion  beam  (FIB)  technology, 
high  resolution  and  a  capability  of  obtaining  T-shaped  resist 
structure,1  a  mushroom  gate  with  narrow  gate  length  and  low 
gate  resistance  for  GaAs  microwave  HEMT  has  been  fabricated. 
Hybrid  lithography  of  different  ion  species.  Si  and  Be  emitted 
from  Au-Si-Be  liquid-metal  ion  source,  is  used  to  determine  the 
T-shaped  resist  structure.  This  device  shows  excellent  noise 
characteristics,  minimum  noise  figure  of  0.68dB  and  0.83d B 
at  I2GHz  and  18GHz,  respectively.2  In  this  paper,  the  regis¬ 
tration  technology  including  the  mark  structure  and  the  mark 
detection,  which  influences  the  overlay  accuracy  in  the  device 
fabrication,  will  be  presented.  In  this  hybrid  process,  registra¬ 
tion  accuracy  of  both  Si  and  Be  beams  should  be  taken  into 
consideration. 

2.  Experiments 


The  focused- ion-beam  equipment  is  JIBL-200S,  a  computer- 
controlled  system  with  a  laser  interferometric  stage.3  The  reg¬ 
istration  mark  is  Au-Ge  pattern  with  a  cross-shape  window  on 
GaAs  substrate,  which  is  simultaneously  formed  at  the  fabri¬ 
cation  of  source  and  drain  electrodes.  The  resist  on  the  mark 
is  removed  prior  to  the  FIB  exposure.  The  length  and  width 
of  the  mark  are  50pm  and  6/zni,  respectively.  260 keV  Si+  * 
and  192keV  Be*  '  with  a  beam  current  of  lOpA  and  approx¬ 
imate  beam  diameter  of  U.lpm  for  both  beams  are  evaluated. 
In  registration,  a  scan  step  is  0.02pm  and  a  scan  clock  is  100 
kHz.  The  registration  signal  is  an  output  of  annular  type  mi¬ 
rror  h  an  nelpl  ate,  which  detects  secondary  electrons  from  the 
mark  irradiated  by  Si  or  Be  ion  beams. 

3.  Results  and  discussions 

Figure  I  shows  a  detection  probability,  which  is  defined  as 
a  frequency  rale  of  successful  detections  for  a  square  of  mark 
defection  tolerance  (Ap2)  in  100  detection  scans.  The  mark 
detection  tolerance  is  defined  as  an  allowance  of  scattering  in 
measured  edge  location-',  and  the  detected  data  beyond  this 
allowance  is  omitted  by  software.  This  parameter  is  set  to  the 
detection  system  prior  to  the  registration.  According  to  the 
figure,  the  plot  of  Si*  *  is  shifted  to  right  in  comparison  with 
that  of  Be*  ‘  by  3  *-  4  times,  that  is.  about  2  limes  in  the 
mark  detection  tolerance.  This  corresponds  to  the  fact  that  the 
S'  N  of  the  registration  signal  of  Si  ‘  is  about  2  limes  higher 
than  that  of  Be  *  *  .  It  is  found  that  the  mark  locations  are  all 
detected  successfully  at  the  A|>  "  0.03pm  (Ap2  —  0.001)  for 
Si*  *  and  the  Ap  *-  0.05pm  (Ap2  ~  0.0025)  for  Be  *  *  . 

Figure  2  shows  the  measurer]  overlay  accuracy  for  100  mea¬ 
surements,  The  value  of  x  represents  a  deviation  from  the  cen¬ 
ter  position  between  source  ami  drain  electrodes.  The  number 
of  scan  for  one  scan  posit  ion  was  set  up  to  2  in  order  to  minimize 
the  irradiation  damage  of  the  marks.  The  10-times  averaging 
with  a  raster  step  of  0  1pm  was  performed. 

As  for  the  positioning  error  (x).  0.04pm  for  Be*'  and 
O.Olptn  for  Si*  *  were  obtained.  Considering  the  positioning 
error  of  0.1  pm  or  less  in  beam  calibration,  it  is  proper  con¬ 
clude  that  the  present  limit  of  calibration  accuracy  is  reflected 
in  these  results.  Besides,  the  overlay  repeatabilities  (3a)  for 
Be*  *  and  Si*  *  were  almost  the  same  values,  that  is,  0.11  pm 
and  0.13pm  respectively. 

The  distribution  of  the  overlay  arc ura<y  for  Si 4  *  ,  however, 
seems  a  little  spread  rather  than  that  Ur  Be  '  *  .  It  is  considered 
to  he  attributed  to  the  fact  that  the  developed  resist  patterns 


becomes  obscure  because  of  the  irradiation  of  the  isotopes  for 
Si '  *  .  Si  is  made  tip  of  28Si.*!l  Si.30  Si  with  an  atomic  content 
of  about  92,’«.5'7  and  3r’c,  respectively.  The  isotopes  cannot  In¬ 
completely  separated  by  E  ■  B  mass  filter,  because  the  mass 
resolution  of  the  fillers  is  1  20.  Although  this  FIB  system  is 
designed  to  adjust  all  the  unseparated  isotopes  at  the  target, 
there  remains  some  residual  displacement,  of  the  beams  due  to 
the  beam  misalignment  and  so  on. 

4.  Conclusion 

The  registration  and  overlay  accuracy  in  FIB  lithography  for 
GaAs  devices  has  beer  investigated.  A  window  mark  formed  by 
lift-off  of  Au-Ge  is  used  for  registration.  In  the  registration,  if 
the  mark  edge  is  in  good  condition,  the  positioning  error  (x)  is 
less  than  O.Otpin,  and  the  repeatabilities  are  0.1  lpm  for  Be*  * 
and  0. 13pm  for  Si  *  *  . 
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INTRODUCTION 

Recently,  there  has  been  increasing  interest  in 
focused  ion  beam  (FIB)  use  for  microcircuit  fabrication. 
This  can  be  utilized  for  maskless  ion  implantation1', 
maskless  ion  etching2',  and  high  resolution  lithographic 
processes35.  Ion  beam  lithography  is  a  new  potential 
means  for  producing  electronic  devices  with  submicron 
dimensions.  Electron  beam  lithography  is  commonly 
applied  for  the  delineation  of  patterns  with  submicron 
dimensions.  However,  it  involves  several  problems,  such 
as  low  resist  sensitivity,  backscattering  and  proximity 
effects,  for  submicron  lithography.  On  the  other  hand,  ion 
beam  lithography  is  a  new  technique  which  overcomes  the 
above-mentioned  problems.  First,  as  a  general  rule,  resists 
are  more  sensitive  to  ions  than  to  electrons.  Depending  on 
the  mass  of  the  exposing  ions,  resist  exposure  sensitivity 
for  ion  beam  lithography  is  two  or  more  orders  of 
magnitude  higher  than  tnat  for  electron  beam  lithography. 
Second,  ion  beam  lithography  has  an  advantage  in 
submicron  device  microfabrication,  because  of  negligible 
ion  scattering  in  the  resist  and  low  backscattering  from  the 
substrate.  In  contrast  to  electrons,  ions  produce  only  low- 
energy  secondary  electrons,  and  produce  no  high-energy 
backscattered  electrons.  Therefore,  the  structures  are 
defined  by  the  primary  ion  beam,  and  are  limited  only  by 
ion  straggling,  which  extends  laterally  to  a  much  smaller 
distance  than  the  range  of  scattered  electrons  in  electron 
beam  lithography.  This  results  in  the  possibility  of 
exposing  structures  with  submicron  dimensions  without 
backscattering  and  proximity  effects.  Up  to  now,  the  high 
resolution  and  high  sensitivity  of  FIB  lithography  have 
been  demonstrated.  PMMA  resist  has  been  applied  as  a 
positive  resist  for  those  experiments.  PMMA  has  high 
resolution,  less  than  lOnm,  but  low  resistance  for  dry 
etching  processes.  On  the  other  hand,  novolak  based  resist 
has  very  high  resistance  to  dry  etching  and  serves  as  a 
good  etch  mask  for  such  processes  as  plasma  etching  and 
reactive  ion  beam  etching.  Novolak  based  resist  is  applied 
as  a  representative  positive  resist  for  optical  and  electron 
beam  lithography  in  device  processes.  FIB  lithography 
using  novolak  based  resist  has  not  been  reported.  In  this 
paper,  FIB  exposure  characteristics  using  novolak  based 
resist  are  described. 

EXPERIMENTAL 

All  FIB  exposures  were  curried  out  with  JIBL-150 
FIB  system.  The  accelerating  voltage  used  was  130k V.  In 
this  experiment,  MP2400  resist  (Shipley  Far  East  LTD.) 
was  used  as  novolak  based  resist.  A  0.5pm  MP2400  resist 
was  spin-coated  on  Si  substrate.  Prebaking  was  carried 
out  in  a  nitrogen  atmosphere  at  100'"C  for  30  minutes. 
After  ion-beam  exposure,  the  MP24UU  resist  coated  wafers 
were  developed  by  dipping  in  MP2400  developer  and  H2O 
in  a  1:3. f)  ratio.  Then,  they  were  rinsed  in  H2O.  The 
etched  depth  and  residual  thickness  after  development 
were  measured  by  a -step. 

RES U 1  .I  S  AND  DISCUSSION 

The  MP2400  resist  sensitivity  for  130kV  FIB 
exposure  was  measured.  Figure  1  shows  MP2400  resist 
sensitivity  curves  for  260koV  Si’  *  and  Be'  *  ions.  The 
MP24U0  resist  sensitivity  depends  on  the  ion  species.  The 
sensitivity  for  Si  ions  is  higher  than  that  for  Be  ions.  This 
can  readily  be  understood  in  terms  of  energy  deposited  per 
unit  volume.  Moreover,  the  sensitivity  curves  indicate 
that  a  dose  region  for  a  positive  resist  is  narrow,  compared 
with  other  resists,  such  as  PMMA,  The  positive  region  for 
Be  ions  is  from  a  2.3  x  101-’  to  a  4.0 X  10l/  ions/cm2  dose  and 


changes  to  a  negative  region  at  over  a  4  XlO12  ions/cm2 
dose.  On  the  other  hand,  the  positive  region  for  Si  ions  is 
from  a  1.4  XlO12  to  a  2.3  XlO12  ions/cm2  dose  and  changes 
to  negative  region  at  over  a  2.3  X  1012  ions/cm2  dose.  The  y 
values  were  calculated  from  the  sensitivity  curves,  as 
shown  in  Fig.  1.  The  y  values  for  Si  and  Be  ions  as  a 
positive  resist  are  1.12  and  0.98,  respectively.  On  the  other 
hand,  the  y  values  for  Si  and  Be  ions  as  a  negative  resist 
are  2.64  and  2.84,  respectively.  The  y  values  as  a  negative 
resist  for  both  Si  and  Be  ions  are  about  twice  those  for  a 
positive  resist.  This  result  indicates  that  MP2400  resist  is 
useful  as  a  negative  resist  in  FIB  lithography. 

Figure  2  shows  development  characteristics 
(normalized  thickness  vs.  development  time)  for  MP2400 
resist  after  260keV  Be1-  *  FIB  exposure.  The  positive  and 
negative  patterns  can  be  fabricated  at  3X  1012  and  2X  1013 
ions/cm2  doses,  respectively,  as  shown  in  Fig.  1.  The 
MP2400  resist  is  etched  without  ion  exposure,  merely  by 
soaking  in  the  developer.  Development  characteristics 
were  measured  for  unexposed,  3X1012  and  2X1013 
ions/cm2  doses,  as  shown  in  Fig.  2.  A  positive  resist 
pattern  with  65%  residual  thickness  can  be  fabricated  at 
120  second  development  time.  The  residual  thicknesses  for 
unexposed  and  2X1Q13  ion.s/cm2  doses  at  300  second 
development  time  are  0  and  100%,  respectively.  Therefore, 
a  negative  resist  pattern  with  100%  residual  thickness  can 
be  fabricated  at  more  than  300  second  development  time. 
These  results  indicate  that  both  positive  and  negative 
resist  patterns  can  be  obtained  by  choosing  appropriate  ion 
doses. 

Figure  3  shows  a  cross  section  view  for  the  MP2400 
positive  resist  pattern,  which  was  fabricated  by  260keV 
Be-'1'  FIB  at  4.0X1012  ions/cm2  dose.  The  linewidth  and 
resist  thickness  are  0.4  and  0.35pm,  respectively.  The 
pattern  has  slanting  sidewalls.  It  is  considered  that  the 
sidewall  inclination  angles  can  be  improved  by  choosing 
other  development  conditions. 

Figure  4  shows  a  cross  section  view  of  MP2400 
negative  resist  pattern,  which  was  fabricated  by  260keV 
Be,+  FIB  at  3.0 XlO13  ions/cm2  dose.  The  pattern  was 
achieved  by  soaking  for  300  second  in  developer  after  ion 
beam  exposure.  The  linewidth  and  resist  thickness  are  0.3 
and  0.5pm,  respectively.  The  pattern  has  vertical 
sidewalls.  The  negative  resist  pattern  demonstrates  that 
the  image  reversal  method  developed  here  is  very  useful 
for  device  processes,  such  as  a  submicron  gate  pattern 
formation. 

CONCLUSION 

FIB  lithography  using  novolak  based  resist  has  been 
investigated.  The  resist  sensitivity  and  development 
characteristics  were  measured.  As  a  result,  it  became 
clear  that  both  posi’ve  and  negative  resist  patterns  can  be 
achieved  by  choosing  appropriate  ion  doses.  The  positive 
resist  pattern  with  0.4  pm  linewidth  could  be  fabricated  by 
260  keV  Be+  ’  FIB  at  4.0 XlO12  ions/cm2  dose.  Moreover, 
the  negative  resist  pattern  with  0.3  pm  linewidtn  could  be 
achieved  by  260  keV  Be +  *  FIB  at  3.0  X  10 13  ions'em2  dose. 
The  negative  resist  patterns  with  vertical  sidewalls 
demonstrated  that  the  image  reversal  method,  developed 
here,  is  very  useful  for  device  processes,  such  as  a 
submicron  gate  formation. 
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We  review  the  recent  developements  in 
FIB  (Focused  Ion  Beam)  direct  implantation 
technology.  In  a  typical  FIB  implanter, 
dopant  ion  species  are  emitted  from  a  field- 
ionization-type  liquid  metal  (sometimes 
alloyed)  ion  sources,  and  are  mass-separated 
and  focused  down  to  the  semiconductor 
substrate.  The  submicron  diameter  FIBs  formed 
on  the  semiconductor  are  implanted  by 
scanning  over  the  assigned  area  through 
computer  commands.  This  new  technology  has 
several  important  advantages  as  follows. 

(1)  Formation  of  subm icron- s i ze  doping 
structures  without  using  masks  (only 
through  computer  software). 

(2)  An  alloyed  liquid  metal  ion  source 
offers  ion  species  for  p,  n  and  isolation 
type  dopants  which  can  be  switched 
rapidly  by  computor  control  during  device 
processing. 

(3)  Doping  profiles  can  be  easily  controlled 
both  in  lateral  and  depth  directions. 

(4)  The  maskless  process  is  compatible  with 
UHV,  which  leads  to  in-situ  all  vacuum 
processing. 

With  these  advantages,  this  technology  can 
grow  up  to  ideal  CAD/CAM  processes  to  open 
a  new  world  for  IC  fabrication  technology. 
These  advantages  are  considered  to  be  more 
useful  for  III-V  compound  semiconductors 
rather  than  for  Si.  The  former  provides  not 
only  electrical  and  optical  devices  but  also 
new  quantum-effect  devices.  These  variety  of 
devices  can  be  integrated  monol i thica 1 ly  on 
the  same  substrate  by  the  FIB-based  maskless 
process,  and  the  new  type  of  ICs  will 
contribute  to  future  sophisticated 
information  processing  systems.  More  than 
that,  the  clean  process  accompanied  by  the 
maskless  process  is  indispensable  to  the  III- 
V  compounds.  Ion  sources  suitable  for  the 
III-V  compounds  are  found  to  be  quite  stable 
and  reliable.  It  is  also  found  that  the 
electrical  and  optical  properties  of  the  FIB 
implanted  crystals  are  almost  the  same  as 
those  with  conventional  broad  ion  beam 
implantation.  Until  recently,  these 
advantages  have  been  proved  to  some  extent, 
although  still  in  the  preliminary  experiment 
stage.  Some  of  the  recent  developments  on 
this  technology  are  shown  as  follows. 

1.  FIB  Direct  Implanter 

Presently,  the  general  purpose  FIT 
equipment  is  commercially  available  with  an 
accelerating  voltage  of  up  to  200kV  and  with 
stable  LM  ion  sources.  The  minimum  beam  size 
is  0.1  pm . 

To  make  the  most  of  the  potential 
advantages  of  the  FIB  implantation, 
a  lOOkV  FIB  implanter  with  a  sophisticated 
computor-control  system  has  been  developed. 


In  this  system,  such  important  implantation 
parameters  as  dopant  species  (Si, Be  and  B), 
FIB  energies  (40-200keV)  and  beam  diameters 
(0.1-1. 0pm)  are  rapidly  and  precisely 
controlled  so  that  p,  n  and  isolation  type 
ion  species  with  given  energies  can  be 
arbitrarily  switched  just  during  device 
processing  as  if  it  was  a  single  beam 
implantation.  This  FIB  implanter  is  operated 
in  UHV,  too. 

2.  Characteristics  of  the  FIB  Implanted  GaAs 

Doping  profiles  with  FIB  implantation 
have  been  experimentally  estimated  and  found 
predictable  by  simple  calculation  assuming 
that  FIBs  have  Gaussian  intensity 
distributions  and  that  implanted  profiles 
both  in  lateral  and  depth  directions  are  also 
Gaussians . 

FIBs  usually  have  a  current  density  of 
up  to  1  A/cm  .  This  corresponds  to  104  to  106 
times  as  much  as  those  of  conventional  broad 
ion  beams.  Despite  such  high  current  density 
implantation,  measured  electron  mobilities 
and  PL  intensities  of  focused  Be  and  Si 
implanted  and  annealed  GaAs  are  almost  the 
same  as  those  of  conventional  ion 
implantation. 

3.  Application  to  Device  Structures 

Due  to  the  maskless  process  capability, 
it  can  be  applied  to  various  novel  structures 
for  future  devices.  Since  this  is  compatible 
with  UHV  crystal  growth  systems  such  as  MBE, 
combination  processings  are  expected  to 
become  powerful  tools  for  maskless  planer- 
structure  fabrication. 

Among  typical  applications  demonstrated 
so  far  are: 

(1) Basic  structures  fabrication  of  three- 

dimensional  impurity  doping  such  as 
lateral  and  depth  dimension  controls, 
multilayer  doping  structures,  self- 
aligned  polycrystal  growth  layer  and  MQW 
gratings . 

(2) Optical  and  electrical  devices  having 

unique  structures  which  can  not  be 
fabricated  other  than  by  using  the  FIB 
technology  such  as  planer  structured  MQW 
lasers,  photo-diodes,  and  quantum  wires. 

4.  Concluding  Remarks 

FIB  direct  implantation  technology  is 
promissing  for  the  device  fabrication 
processes  where  very  fine  (nano-meter) 
structures  or  planer/three-dimensional 
structures  are  required.  Versatility  and 
cleaness  of  this  technology  will  develop  to 
a  one  hundred  percent  CAD/CAM  process  {only- 
through-software  processing)  in  corporation 
with  other  compatible  dry  processes  such  as 
MBE,  ion  beam  etching,  and  maskless 
metallization . 

However,  the  fine-beam  process 
inevitably  faces  low  throughput  problem.  The 
present  FIB  implanter  technology  has  to  be 
improved  in  terms  of  ion  source,  optical  lens 
and  deflection  columns  for  large  beam  current 
and  variable  beam  shapes. 
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VI  SI  sub  micron  technology  regimes 
very  shallow  p-n  junr  tions  with  low  sheet 
resistance  and  leakage  cm  r  ent  I  1  ,  P  I .  In 
this  paper  *  we  repor  t  cm  l.he  fahr  u  at  ion  of 
lOO- nanometer  -  r  ange  p  n  junctions  umiwj 
focused  anti  broad  beam  inn  implant.it  ion. 
Rapid  thermal  annealing  was  used  to 
activate  the  implanted  ions  while 
minimising  diffusion. 

In  obtain  such  shall  iw  jum  tions  we 
have  i  nves t  i ga  ted  the  use*  of  heavy  ions, 
such  as  Ga  and  In*  for  p-n  junction 
formation  by  either  conventional  (liro.rd 
brain )  inn  implantation  or  focused  (svib 
micron)  ion  beam  imp  1  antat  ion  .  Ga  and  In 
ions*  because  of  their  large  mass,  have  a 
penetration  r anqe  in  Si  which  is  more  than 
/>  times  smallei  than  B.  FIB  terhnoloqy  can 
perform  the  direct  doping  of  seine  led 
reqions  thus  implementing  a  mask  less  «n»d 
resist  less  process.  The  use  of  Si  self 
impl.intdt  ion  as  a  pr  e-  amen  ph  w a t  i  on 

procedure  in  conjunction  with  subsequent  tin 
or  In  doping  was  a  I  so  investigated. 

Unlike  boron  which  requires  high 
temperatur  e  to  obtain  a  high  at  tiv.it  ion 
percentage,  Ga  requires  only  a  !i!»0  400  C 
animal  fur  I  Ti  seconds.  A  jum  linn  depth  of 
lOO  nm  with  a  sheet  resistance  of  l!rO 
nhms/square  was  aihieved  in  the  i  ase  of  7'» 
keV  Ga  In  ii.iri  beam  implantation  witti  a  l 
preimplant.  The  Ga  FIB  i mp 1 auta c l on 

resulted  in  a  significantly  higher 

proportion  of  activated  fia  in  the  tail  of 
the  dist.r  i  but  ion  I  ead  l  og  to  a  deeper 
junction  hut  with  a  lower  sheet  lesistnitip. 

I  hr*  Si  preimplant  was  found  l" 

•iiijm  f  ii  .Hilly  reduce  the*  jum  lion  depth. 
Unfortunately,  the  end  of  range  damage 
reginri  in  the  fit  preimplant  is  not  fully 
annealed  leading  to  a  qreatei  leakage 

current  in  the  p  n  jum  turn.  In  the 

absent  e  of  the  Gi  self  implant,  !iO  keV  Ga 
implanted  p  n  junctions  annealed  at  400  I 

exhibited  .1  leakage  torrent  density  of  I 
nA/ini*  at  H  Volt  r  ever  bias. 
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PURPOSE 

In  very  narrow  semiconductor  wires  with  width  con-parable  to  the  electron 
de  Broglie  length,  electron  transport  properties  arc  affected  by  quantum  size 
effects  and  quantum  interference  effects.  In  an  ideal- 1 D  wire  enhanced  quantum 
effects  are  expected  to  appear  as  compared  with  in  3D  or  2D  structure0  in  mis 
study  both  p  and  n  type  GaAs  quantum  wire  transistors  were  '..oncatcd  by 
focused  ton  beam  (FIB)  implantation  in  order  to  invest^atc  carrier  transport 
properties  in  the  1-D  wires  and  to  explore  j  possibility  to  realize 
complementary  devices. 

SAMPLE  PREPARATION 

Figure  1  shows  scl  ..aatic  views  of  the  n-type  quantum  wire  structure 
fabiicated  in  this  study.  First,  focused  Be+  ions  were  implanted  into  semi- 
insulatin?  CaAs  at  lOOkeV  with  a  dose  of  6xl0^cm*^.  Then  the  focused  Si+ 
ion  team  with  0.1  pm  diameter  was  line-implanted  across  the  Be-implantcd  area 
at  80keV  with  a  line-dose  of  9xl0^cm'^  .  Rapid  thermal  annealing  (RTA)  was 
performed  to  activate  implanted  ions  at  1000°C  for  1  s.  Consequently,  an  n- 
GaAs  wire  was  formed  in  the  p-GaAs  region.  This  process  is  the  same  as  the 
one  applied  to  fabricate  the  pn-junction  quantum  wire.*)  P-type  wire  structures 
were  also  fabricated  by  similar  procedure  but,  the  wafers  were  n-GaAs 
(n=3xl()l5cm*3)  and  a  focused  Be^+  beam  was  line-implanted  at  200kcV  with 
dose  varying  from  ixJO^cm'1  to  SxlO^cm'1-  Some  of  the  wire  structures  were 
cleaved  for  observation  of  the  implanted  ion  profiles.  The  calculated  profiles  arc 
compared  with  the  observed  ones.  The  measured  conductance  of  the  wire 
decreased  with  increasing  the  reverse-bias  voltage  across  the  pn-junction. 
indicating  that  this  structure  acts  as  a  junction  FET. 


RESULTS 

Figure  2  shows  a  scanning  electron  micrograph  of  the  cleaved  surface  which 
was  etched  with  an  HF  solution.  The  white  curved  lines  under  the  surface 
corresponds  to  the  pn  boundaries.  Figure  3  shows  a  calculated  ion  profile  of  tbA 
p-GaAa  wire.  Gaussian  distribution  of  ions  in  a  focused  beam,  the  LSS  theory 
and  a  simple  diffusion  equation  arc  assumed  to  calculate  this  profile.  In  this 
case  the  calculations  fairly  agree  with  the  experiments.  The  implanted  Be  ion 
was  spread  in  a  larger  volume  as  shown  theoretically  and  experimentally, 
although  the  beam  diameter  was  about  0.1pm. 
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Figure  4  shows  the  calculated  Si  profile  implanted  in  p-type  GaAs  under 
the  present  experimental  condiuon.  From  this  simulation  it  was  found  that  the 
cross-sectional  area  of  the  n-type  wire  is  only  0.3pmx0.4pm  even  at  zero  Na* 
and  the  peak  concentration  is  more  than  lO^cm'^.  Since  Si  ’"n  is  much 
heavier  and  has  a  smaller  diffusion  coefficient  than  Be,  *•<  n-type  wire  can  be 
much  narrower  than  a  p-type  wire. 


Figure  5  shows  the  I-V  characteristics  of  the  n-type  GaAs-wire  transistor. 
The  transconductancc  (gm)  was  about  2.1xlO'^S.  In  this  GaAs  wire  FET,  the 
depletion  layer  expands  cylindrical!)1  t.c.  in  two  dimensions,  and  hence 
improvement  in  gm  is  expected  as  compared  with  a  planar  FET  in  which  the 
depletion  layer  expands  in  one  direction. 

It  is  interesting  to  compare  transconductance  of  a  wire  FET  with  that  of  the 
planar  FET.  An  equivalent  gm  of  the  wire  FET  having  a  1mm  channel  width  is 
26mS/mm.  Considering  thaL  the  channel  length  of  the  present  FET  is  13pm. 
this  value  of  gm  is  equivalently  the  same  as  that  of  a  conventional  FET. 
Theoretically  transconductancc  of  a  wire-FET  should  be  about  2rt  Limes  higher 
than  that  of  a  planer  FET.  With  the  more  optimized  design,  transconductancc 
will  be  improved. 
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1:3.5  ?r.»*  ! -V  character  ist :  r  of  the 
n-type  CaAs -wire  transistor 

CONCLUSION 

We  have  successfully  fabricated  n-  and  p-type  GaAs  quantum  wire 
transistors  by  focused  ion  beam  implantation.  It  is  found  both  theoretically  and 
experimentally  that  an  n-lype  GaAs  wire  can  be  much  narrower  than  a  p-type 
one  because  of  heavy  mass  and  a  small  diffusion  coefficient  of  Si  ion. 
Improvement  of  transconductancc  is  expected  in  such  n-type  GaAs  wire 
transistors  as  compared  with  normal  GaAs  MESFETs. 
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The  increase  complexity  of  silicon  based  devices  used  in  very 
large  scale  integrated  (VLSI)  circuits  in  recent  years  has  given 
rise  to  new  methods  to  produce  electrical  contacts.  Specifically, 
the  use  of  a  variety  of  metals  e.g.,  W,  Co,  Pt,  Ti,  and  Pd;  to 
form  silicides  have  found  new  applications  in  gate  metallization 
and  interconnects.  The  silicides  must  have  good  electrical  con¬ 
ductivity,  resist  oxidation  and  be  stable  at  temperatures  in  the 
400  -  600° C  range.  In  addition,  it  is  important  and  advantageous 
to  be  able  to  fabricate  the  silicides  at  low  temperature  and  by 
direct  maskless  patterning. 

In  this  papeT  we  present  the  first  results  on  the  use  of  a 
focused  beam  of  palladium  ions  to  directly  implant  a  pattern  of 
palladium  into  a  silicon  wafer.  Our  experiment  was  designed  to 
achieve  the  objective  of  fabricating  samples  of  implanted  areas 
of  silicon  which  were  directly  implanted  by  Pd+  ions  without  the 
use  of  masks. 

A  PdB  liquid  metal  ion  source  was  used  in  a  focused  ion 
beam  (FIB)  implantation  system.  The  FIB  system  was  operated 
so  as  to  accelerate  Pd+  ions  to  75  keV  and  was  equipped  with  an 
EXB  mass  separator  to  filter  out  unwanted  boron  ions  from  the 
beam.  The  Pd+  ion  beam  was  scanned  electrostatically  to  ob¬ 
tain  a  series  of  implanted  areas  0.4x0.4(mm)3.  The  silicon  wafers 
used  in  our  study  were  Sb  doped  with  (100)  orientation.  The  im¬ 
planted  dose  was  1.7xl018  Pd/cm2,  and  the  sample  temperature 
during  implantation  was  70°C.  The  analytical  methods  used  to 
determine  the  presence  of  palladium  and  formation  of  palladium 
silicide  in  the  implanted  regions  included  electron  beam  micro¬ 
probe,  x-ray  diffraction.  Rutherford  backscattering  (RBS),  and 
transmission  electron  microscopy  (TEM).  The  x-ray  diffraction 
studies  were  done  using  the  Cornell  High  Energy  Synchrotron 
Source  (CHESS).  Annealing  experiments  on  the  implanted  sam¬ 
ples  were  performed  in  a  nitrogen  ambient  at  temperatures  in 
the  250°C  to  500°C  range  to  observe  temperatures  at  which  pal¬ 
ladium  silicides  were  formed. 

After  implantation  electron  rricroprobe  analysis  confirmed 
the  presence  of  Pd  in  the  sample  areas  exposed  to  the  ion  beam. 
The  x-ray  diffraction  studies  indicated  the  presence  of  a  broad 
peak  in  the  diffraction  spectrum  corresponding  to  interplanar 
spacings  of  0.227  nm  to  0.236  nm.  From  the  x-ray  spectrum 
one  could  not  distinguish  between  the  silicides  PdjSi,  Pd3Si  and 
Pd«Si  as  well  as  Pd  metal  since  they  all  have  strong  diffrac¬ 
tion  maximum  and  interplanar  spacings  in  the  0.227  to  0.236 
nm  range.  We  carried  out  a  micro- Rutherford  backscattering 
(RBS)  study  on  the  unannealed  sample,  using  3  MeV  He+  with 
a  beam  diameter  of  5  nm.  The  sample  was  subjected  to  consec¬ 
utive  anneals  of  175°C,  250°,  and  300°C,  with  the  sample  held 
at  each  of  these  temperatures  for  a  period  of  30  mins.  Although 
confirming  the  presence  of  Pd  in  the  sample  the  RBS  measure¬ 
ments  did  not  have  sufficient  sensitivity  to  give  definitive  piwoi 
for  the  presence  of  Pd2Si  in  the  implanted  region. 


The  definitive  study  to  characterize  the  presence  of  Pd2Si 
was  done  using  transmission  electron  microscopy  (TEM).  A  sain 
pie  of  the  implanted  region  was  prepared  by  mechanical  grind¬ 
ing  and  ion  milling  to  perforation  suitable  for  TEM  analysis. 
The  implanted  sample  exhibited  a  tri-layer  structure,  amor¬ 
phous  below  the  surface  exposed  to  beam,  followed  by  a  region 
of  amorphous  Si  containing  small  crystalline  precipitates  then 
crystalline  Si.  The  microstructure  of  the  crystallites  (5  nm  in 
size)  observed  by  TEM  yielded  an  interplanar  spacing  of  0.23 
nm.  After  annealing  at  3.50  °C  for  30  min.  The  crystallites 
grew  in  size  to  10  nm  while  maintaining  the  same  0.23  nm  inter¬ 
planar  spacing.  Microdiffraction  on  a  single  crystallite  yielded 
a  diffraction  pattern  that  was  indexed  as  being  due  to  (1100) 
PdjSi.  Annealing  to  500°C  caused  the  crystallite  precipitates 
to  grow  to  100  nm  size  and  the  interplanar  spacings  of  0.23  nin 
were  again  observed.  This  spacing  is  consistent  with  a  Pd2Si 
structure.  The  0.23  nm  interplanar  spacing  corresponds  to  the 
(1121)  and  (1211)  planes  in  the  Pd2Si  structure  and  are  identi¬ 
fied  with  the  most  intense  lines  observed  in  the  x-ray  diffraction 
pattern.  The  growth  in  crystallite  size  with  anneal  temperature 
results  were  analyzed  and  yielded  an  activation  energy  of  0.4  to 
0.5  eV.  This  energy  is  about  a  factor  3  lower  than  the  1.5  eV 
activation  energy  obtained  by  others  for  thermally  formed  Pd2Si 
in  which  a  deposited  Pd  film  is  annealed  (300-500°C)  to  form 
the  silicide. 

We  conclude  that  the  presence  of  Pd  in  the  directly  im¬ 
planted  region  by  RBS  and  electron  microbeam  analysis  together 
with  the  transmission  electron  microscopy  studies  which  showed 
the  presence  of  microcrystals  of  Pd2Si  with  the  well  known  in¬ 
terplanar  (1121)  and  (1211)  spacing  of  0.23  nm,  indicated  con¬ 
clusively  tne  formation  of  rd2Si  by  FIB.  The  formation  of  the 
silicide  microcrystals  was  observed  to  occur  at  300° C.  We  explain 
the  low  temperature  of  formation  and  low  activation  energy  0.4 
-  0.5  eV  as  arising  from  the  presence  of  large  numbers  of  va¬ 
cancies  produced  by  Pd  ions  in  which  their  energy  is  utilized 
to  make  the  reaction  occur  between  Pd  and  silicon  atoms.  It 
is  interesting  to  note  that  none  or  very  little  dislocation  defect 
content  was  observed  by  TEM. 
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(  1.  INTRODUCTION 

'  Recently.  KIR  technology  has  been  drawing  wide 

‘  attention  because  of  its  ability  to  fabricate  sub 

micron  structure  in  semiconductor  devices.  The  final 
[  goal  for  FIB  technology  may  be  for  a  complete  in  line 

processing.  A  number  of  KIR  systems  have  been  dove 
,  [oped  for  fundamental  experiments  into  the  potential 

applications  of  FIR  technology.  For  the  next  stage  of 
the  investigation  and  uses,  advanced  KlR  systems  have 
been  developed,  because  some  applications  are  now 
coming  into  practical  use. 

2  FOCUSED  ION  BEAM  1. 1 TIKKIRAPIIY  SYSTEM  (KIRI.) 

2.1  Ion  optical  system 
The  JIRL  150  |l|  and  200S 

|2[  which  are  developed  for 
precise  pattern  writing  on  the 
substrate. consist  of  a  liquid 
metal  ion  source  .  a  double 
stage  focusing  system  .  beam 
blanking  units  ,  an  KxR  mass 
filter,  a  post  lens  deflector, 
st  igmators  .  and  three  sets  ol 
beam  alignment  units  .  A  sche 
mat ic  i 1  lust  rat  ion  of  t  he 
column  is  shown  in  figure  1. 

The  deflector  scans  ion  beams 
over  a  Immxlmu?  area  for  all 
accelerating  voltages  Beam 
b taking  plates  are  installed 
before  and  after  the  KxB  mass 
filter  to  perform  a  beam  blan 
king  at  the  virtual  crossover 
point  In  order  to  measure  an 
ion  beam  diameter  .  line  and 
space  patterns  were  exposed  on  an  Si  wafer  coated 
with  1'MMA  resist  of  O.fiun  thickness  with  260keV. 
Re**,  l  .  r»xl0**«  ions/cm.  As  a  result  .O.OHum  line  width 
patterns  with  a  high  aspect  ratio  were  obtained. 

2.2  Control  system 

KIRI,  has  two  computer  sysl  em  for  pattern  writing 
and  system  control.  A  slave*  computer.  111*9920, 
controls  the  ion  optical  system,  an  alignment  mark 
detection  unit,  and  a  stage  controller  and  cither 
system  controllers.  A  VAX  11/730,  host  computer,  takes 
charge  of  pattern  handling  management,  of  schedule* 
files  and  other  system  files,  and  control  of  the 
slave  computer  connected  with  a  (II*  IR  line*.  The  beam 
scanning  is  performed  by  using  16  bit  l)/A  converters 
and  high  speed  deflection  amplifiers  The  maximum 
scanning  speed,  minimum  scanning  steps  and  regislra 


.  I  I  on  opt  i ca I 
syst  cm  of  KIRI. 


lion  steps  are*  0.  fiuser/st  ep,  0  02um  and  0.02um. 
respectively.  The  pattern  writing  is  performed  by  a 
eombinat  ion  of  beam  vector  scanning  and  an  interl'ero 
metric  stage  movement.  With  this  computer  control, 
t  hi*  KIRI,  lias  the  ability  to  write  patterns  with  high 
accuracy  under  various  beam  conditions,  including  CPU 
controlled  changes  of  the  ion  energy,  ion  specie's  and 
ion  dosage  for  each  rectangle  or  trapezoid  pattern. 

2.3  Writing  accuracy 

The  over  lay  and  stitching  accuracies  were 
evaluated  by  measuring  vernier  patterns.  The  first 
and  second  level  vernier  patterns  were  exposed  on  an 
Si  wafer  coated  with  I’MMA  resist  of  O.Gum  thickness 
with  .MJOkeV.  Si  »  «  ions.  The  measured  stitching  and 
overlay  errors  were  0.  I2um  and  0.22um,  respectively. 
At  present,  the  m.i  jor  contributions  to  the  stitching 
and  overlay  errors  are  considered  to  be*  dm*  to  ion 
beam  drift  .  yawing  mot  ion  ol  the  stage*  movement  and  a 
mark  delect  ion  accurac  y. 

3  l.i iW  ENERGY  FIR  SYSTEM 

With  low  accelerat  mg  voltage,  a  fine*  beam,  or 
high  current  density  cannot  be  obtained  with  a 
c  onvent  lona  I  KIR  column  because*  the  energy  spread  dV 
to  the  beam  energy  Va  rat  io  dV/Va  increase,  and  the 


chromatic  aberration  domi nalcsthe  beam  size* 

Figure*  2  shows  *  h"  seh'*'"'!*  ;iii,c-trri*  .on  »>f  l  hr 
experimental  system. so  called 
a  retarding  mode  FIB  system, 
for  a  low  energy  (  • fikV  ) 
region  |3|  A  target  of  this 
system  is  kept  at  high  posi 
live  potential  with  respect 
to  ground.  Ions  emitted  from 
an  ion  source*  are  accelerated 
to  an  in  it  lal  energy  Vo  and 
decelerated  to  a  landing 
energy:  Ve  between  the*  objec¬ 
tive  lens  and  the*  target  sur 
face  Figure  3  shows  the  re 
lationship  between  rp  and  Ip 
as  a  function  of  the*  beam 
acceptance  angle.  Figure  4  a ) 
shows  the*  secondary  ion  image 
with  Ve  of  fikeV  in  the  re 
larding  mode*  with  Vo  30 kV  and 
b)  shows  a  secondary  electron 
image  with  Vo  fikeV  in  l  he  FIG.  2  Retarding  sysl  era 
normal  mode  In  these  photo 

graphs.  the  image*  resolution  are  approximately 
a)0.3um  and  d)l  2um,  respectively 


FIG. 3  Calculated  focusing  properties 
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-1  CONCLUSION 

Computer  controlled  focused  ion  beam  lithography 
syst  ems  (.URL  ISO  and  .JIRL  200S)  have*  been  developed 
Roth  the  systems  can  perform  the  pattern  writing  with 
high  registration  accuracy  by  a  combination  of  beam 
vector  scanning  and  step  and  repeat  stage  movement 
These*  syst  ems  have  been  confirmed  for  labr  cation  of 
micros!  rucl  ure  devices  or  ASIC  chips  with  short  turn 
around  time  For  the  low  energy  app  |  i  <  ,»t  i  on  .  ret  ard  i  ng 
mode*  KIR  system  has  been  developed  and  sulien  n  ton  ion 
probe  we*re  observed  with  fikeV,  Ga  beam  An  KIR  system 
with  this  retarding  technique  will  be  useful  for 
shallow  doping  and  other  low  energy  uses 
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MAXIMIZATION  OF  CURRENT  DENSITIES  IN  FOCUSED 
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The  design  of  electrostatic  lenses 
with  minimum  aberrations  is  one  of  the  cor¬ 
nerstones  of  the  focused  ion  beam  technol¬ 
ogy.  We  have  abandoned  the  usual  approach 
of  trial  and  error  and  developed  a  program 
package  for  automatic  design  of  axially  sym¬ 
metric  electrostatic  lenses  with  minimized 
spot  size  (maximized  current  density)  at  the 
target.  The  lens  synthesis  is  based  on  rig¬ 
orous  mathematical  procedures  (constrained 
nonlinear  optimization  techniques).  The 
source  parameters  (angular  brightness,  ac¬ 
ceptance  angle,  energy  spread,  virtual 
source  size,  source  extraction  voltage),  the 
final  beam  energy,  the  object-  and  image- 
side  working  distances,  the  maximum  possible 
electrode  potentials  and  the  maximum  allowed 
electrostatic  fields  are  the  given  con¬ 
straints  that  the  lens  design  must  satisfy. 
The  program  package  is  based  on  our  previous 
work  (1-3)  but  it  contains  a  significant  im¬ 
provement.  Our  optimized  lenses  consist  of 
several  electrodes  of  nonconvent ional  form 
(spline  lenses  (4))  or  have  the  form  of 
multielectrode  lenses  with  very  simple  elec¬ 
trodes  . 

In  the  improved  version  of  optimiza¬ 
tion  we  have  changed  the  way  of  handling 
the  constraints.  Previously  we  used  the 
SUMT  method  (5)  which  sequentially  tightens 
the  constraints  during  the  procedure.  Now 
this  method  is  used  with  the  simultaneous 
swapping  of  the  optimization  itself  between 
two  proven  methods  (the  Davidon-Fletcher- 
Powell  algorithm  and  the  Hooke-Jeeves  method 
(5)).  Thus,  the  constraints  are  tightened 
and  loosened  periodically.  This  is  a  longer 
procedure  than  the  previous  one,  but  it  has 
two  important  advantages.  First,  the  result 
of  the  optimization  depends  much  less  on  the 
initial  values  of  the  variables.  This  is 
important  because  to  find  good  initial  val¬ 
ues  had  always  been  a  problem  previously. 

The  second  major  advantage  is  that  the  opti¬ 
mization  does  not  terminate  in  shallow  local 
minima.  Consequently,  the  final  result  is 
definitely  better. 

Our  results  are  presented  in  the  form 
of  comparisons  with  some  well-known  designs 
[6J.  Keeping  the  given  constraint  parame¬ 
ters  constant  one  can  achieve  very  essen¬ 
tial  increases  of  the  target  current  densi¬ 
ties  by  replacing  the  original  lenses  with 
our  designs. 

For  liquid  metal  ion  sources  the  main 
term  in  the  target  spot  diameter  is  the 
chromatic  aberration  disk.  The  value  of  the 
chromatic  aberration  coefficient,  however, 
is  just  slightly  sensitive  for  changes  in 
the  axial  potential  distribution.  Neverthe¬ 
less,  our  improved  procedure  made  it  possi¬ 
ble  to  increase  the  target  current  densities 
by  479,  -  488%  compared  with  previous  designs. 

We  applied  the  optimization  program 
to  two  different  final  beam  energies:  V^.  =  5 

kV  and  =  25  kV.  The  source  extraction 
voltage  was  7.5  kV  in  both  cases.  The  work¬ 


ing  distances  were  10  mm  and  50  mm  on  the  ob¬ 
ject  ar.d  image  sides,  t effectively .  Two  val¬ 
ues  of  the  acceptance  half-angle  were  examin¬ 
ed:  a  =  5  mrad,  and  a  =  1  mrad .  The  best 
results  were  achieved  for  the  =  5  kV,  a  =  5 

mrad  case,  where  the  target  current  density 
of  our  12-electrode  lens  is  larger  by  488% 
than  that  produced  by  the  Orlof f-Swanson  lens 
which  was  the  best  in  performance  comparison 
of  (6).  For  the  case  of  =  5  kV  and  a  =  1 

mrad  the  improvement  is  145%  with  the  12- 
electrode  lens.  Generally,  for  larger  values 
of  and  smaller  values  of  a  we  could 

achieve  smaller  improvements.  If  V^  =  25  kV 

and  a  -  5  mrad,  the  improvement  is  124%  with 
a  twenty-electrode  lens.  In  the  worst  case, 
for  Vj  =  25  kv,  and  a  =  1  mrad  our  twenty-e¬ 
lectrode  multielectrode  lens  produces  a  cur¬ 
rent  density  only  47%  larger  than  that  of 
the  Kurihara  lens  which  was  the  best  for  the 
same  conditions  in  [ 6 ) .  (The  current  density 
could  have  been  increased  by  67%,  but  the 
axial  potential  distribution  in  this  case  is 
so  complicated  that  the  lens  would  require 
about  thirty  electrodes  which  does  not  seem 
too  practical.)  Usually,  for  the  case  of 
Vf  =  25  kV  the  optimized  axial  potential  dis¬ 
tributions  are  very  complicated.  That  is  the 
reason  why  in  this  case  we  have  to  use  twenty- 
electrode  multielectrode  lenses  to  obtain 
significantly  improved  results.  The  specific 
numerical  value  of  the  optimized  target  spot 
size  is  sensitive  to  the  constraints,  espe¬ 
cially  to  the  value  of  the  image-side  working 
distance . 

For  field  ionization  sources  we  could 
achieve  much  more  substantial  improvements. 

In  this  case  the  main  term  in  the  target  spot 
diameter  is  that  of  the  spherical  aberration 
disk.  The  spherical  aberration  coefficient 
is  very  sensitive  even  to  small  changes  in 
the  axial  potential  distribution;  therefore, 
the  optimization  procedure  could  drastically 
reduce  the  target  spot  sizes.  As  a  result, 
for  a  =  5  mrad  the  current  density  can  be  in¬ 
creased  by  2820%  and  3240%  for  =  5  kV  and 

Vf  =  25  kV,  respectively.  In  the  first  case 

the  twelve-electrode  lens  is  used,  the  second 
result  is  achieved  with  a  f l ve-e lect rode 
spline  lens. 
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is  taken  in  the  direction  perpendicul ar  to  the  junc¬ 
tion.  A  sample  integrated  projection  is  shown  in 
Figure  2. 


TOMOGRAPHIC  APPROACH  TO 
TWO  DIMENSIONAL  FOCUSED  ION  BEAM 
PROFILE  MEASUREMENT 

J.  F.  McDonald  ,  H.  T.  Lin,  and  M.  E.  Maslam 

Center  for  Integrated  Electronics 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  12181 

The  focused  Ion  Beam  (FIB)  is  an  extremely  use¬ 
ful  tool  for  a  variety  of  applications  in  VLSI  and  in 
ULSI .  Figure  1  shows  a  cross  section  view  of  the  VG 
I8L  100S  FIB  used  in  these  experiments. 


ION  BERM  PROFILING  USING  HETEROJUNCT ION 


Figure  1.  Cross  section  of  VG  IBL  100S  FIB  showing 
particularly  the  SIMS  attachment. 


Figure  2.  Typical  projection  integrated  profile  for 
GaAs/AlGaAs  Heterojunction  sweep. 

This  may  be  differentiated  to  obtain  one  of  the  pro¬ 
jections,  as  shown  in  Figure  3.  To  obtain  the  two  di¬ 
mensional  current  distribution  a  projection  sequence 
must  be  collected  by  rotating  the  table  and  sweeping 
the  beam  perpendicularly  across  the  junction  for  each 
angle.  A  typical  differentiated  projection  is  shown  in 


Of  particular  interest  to  users  of  the  FIB  technology 
is  the  spot  size  and  beam  profile  for  the  beam.  The 
focusing  of  the  machine  is  largely  manual  and  a  means 
for  quantifying  the  degree  of  focus  is  desired.  One 
approach  involves  scanning  an  abrupt  GaAs/AlGaAs  hetero¬ 
junction  with  the  beam  with  an  orientation  perpendicular 
to  the  junction.  By  monitoring  the  A1  content  in  the 
sputtered  material  using  the  SIMS  attachment  of  the  FIB 
the  integral  of  the  beam  current  covering  the  A1  region 
can  be  obtained.  By  stepping  the  beam  center  towards 
the  junction,  more  and  more  of  the  beam  covers  the  A1 
region  producing  a  projection  of  an  integrated  profile 
of  the  beam  current  distribution.  The  projection 


Figure  3.  Spatial  derivative  of  Figure  2  giving  the 

projection  for  the  beam  distribution  at  one 
angular  orientation  of  the  heterojunction. 

Reconstruction  of  the  two  dimensional  beam  current 
di stri ribution  I{x,y)  is  by  the  Fourier  Backprojection 
method  in  Tomography.  Depending  on  the  sensitivity 
of  the  SIMS  attachment  the  technique  can  give  informa¬ 
tion  not  only  about  the  two  dimensional  distrubution 
of  the  current  but  also  information  about  the  low 
tails  of  the  distribution  far  removed  from  thp  aimino 
point  of  the  beam.  Large  numbers  of  projection*;  are 
needed  to  do  this,  however. 
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ACHROMATIC  LENS  AND  MASS  FILTER  DESIGN 
USING  CROSSED- FIELD  MULTIPOLE  ELEMENTS 

M  R.  Smith  and  E.  Munro 

Optics  Section.  Blackett  Laboratory,  Imperial  College. 
Prince  Consort  Road.  Loudon  SWT  2BZ.  England 


Two  of  the  main  factors  currently  limiting  the  perfor 
manrr  of  focused  ion  beam  columns  arc  chromatic  aberrations 
of  the  focusing  system  (caused  by  the  large  energy  spread  in 
the  source)  and  aberrations  of  the  mass  filter  used  for  selecting 
an  individual  ion  species.  This  paper  aims  to  show  how  both 
these  types  of  aberrations  could  be  reduced  by  using  multi¬ 
pole  elements  with  crossed  electric  and  magnetic  fields.  The 
results  are  based  on  numerical  modelling  of  the  three  dimen¬ 
sional  fields  and  ion  trajectories. 

The  3D  electrostatic  and  magnetic  scalar  potential  distri¬ 
butions  in  the  multipole  lenses  were  computed  by  the  charge 
density  method  [1].  The  computed  potential  values  near  the 
axis  were  used  to  obtain  the  multipole  field  functions,  which 
were  then  used  in  computing  the  optical  properties  with  a  uni 
fied  aberration  theory  [2].  The  programs  wore  tested  with  an¬ 
alytic  models  to  ensure  that  the  field  functions  and  aberration 
coefficients  would  be  accurate  to  within  about  2%.  Full  details 
of  the  theory  and  computational  techniques  arc  given  in  (3]. 

Achromatic  Lens  Design 

Fig.  1  shows  the  »Toss-s<*ction  of  a  typical  crossed -field 
achromatic  quadrupole  lens.  Three  such  lenses  are  required 
to  obtain  stigmatic  focusing  with  equal  magnifications  in  x 
and  y.  and  an  achromatic  triplet  suitable  for  focusing  a  30 
kr-V  proton  beam  was  reported  previously  [4].  Here  a  mollified 
design  is  presented  for  focusing  heavier  ions,  such  as  Sijt*  or 
B*, .  at  50  krV.  Each  lens  has  the  cross-section  of  Fig.  1.  and  a 
length  of  70  mm,  which  enables  them  to  focus  the  heavier  ions 
without  magnetic  saturation.  The  axial  arrangement  of  the 
system  (Fig.  2)  provides  unity  magnification.  There  are  two 
distinct  focusing  inodes:  (i)  Without  an  intermediate  crossover 
in  either  the  r  or  y  ray,  or  (ii)  With  a  crossover  in  one  of  the 
rays.  The  crossover  mode  is  shown  in  Fig.  3.  This  is  the 
preferred  mode  of  operation,  because  although  the  system  can 
be  made  achromatic  in  either  mode,  it  is  only  in  the  crossover 
mode  that  the  primary  aperture  aberrations  can  he  eliminated 
using  three  electrostatic  octopoles,  as  proved  in  [3]. 

Table  1  shows  the  lens  settings  for  achromatic  focusing  in 
the  crossover  mode,  and  Table  2  shows  the  corresponding  axial 
chromatic  aberration  coefficients.  The  chromatic  aberration 
{fiTr-bifr)  at  the  image  plane  z,  is 

fi.rr  =■  C,,.r' (A4>/$)  +  Cr\ix\  ( &$/$)* 
by,  =  r,,!,:^/*)  I 

where  (.rj.  r/j )  are  the  ray  slope  components  at  A  4*  is  the  ru 
rrgy  spread  and  $  is  the  beam  energy.  The  primary  chromatic 
coefficients  1C,  i.C’yi  )  are  effectively  zero  (see  Table  2). 

The  primary  aperture  aberration  coefficients  ( .4 1 .  .4*.  U\. 
)  are  defined  such  that  the  geometrical  aberration  (A.r,./*yff  1 
at  c,  is 

fix,f  .4 j  r't*  f  f>y9  U\lft  + 


The  aired  octopole  potentials  for  effectively  eliminating  .4, . 

.  D i  are  listed  in  Table  3.  Since  the  octopole  potential 
have  no  effect  on  the  primary  chromatic  aberrations,  the  lenses 
ran  be  adjusted  to  make  the  system  simultaneously  free  of 
primary  axial  chromatic  and  primary  aperture  aberrations. 

The  programs  have  also  been  used  to  design  demagnifying 
triplets  and  quadruplet  systems. 

Wien  Filter  Design 

lu  this  section,  the  properties  of  a  single  and  a  double 
Wien  filter  placed  between  two  electrostatic  round  lenses  are 
investigated.  The  purpose  of  such  a  filter  is  to  select  ions  of 
a  certain  chargc/mass  ratio  from  a  beam  containing  several 
species.  The  case  analysed  was  a  50  kcY  beam  of  Si^a*-  Si-^,. 
Auj^t  and  Au+j-  ions,  with  Si+8+  as  the  species  to  be  selected. 
The  cross-section  of  the  Wien  filters  is  shown  in  Fig.  4.  The 
axial  arrangement  of  the  single  Wien  filter  system  is  diown  in 
Fig.  5.  The  round  lenses  were  adjusted  to  give  an  interme¬ 
diate  crossover  at  the  mid-plane  of  the  Wien  filter.  The  ratio 
of  electric  and  magnetic  fields  was  adjusted  to  allow  the  Si£* 
ions  to  pass  through  undeviated.  The  paraxial  rays  for  the 
other  species  are  shown  in  Fig.  G:  the  aperture  .4  in  Fig.  5 
removes  these  deflected  species  from  the  beam.  The  primary 
astigmatism  of  the  filter  was  corrected  by  applying  a  small 
electrostatic  quadrupole  potential  to  the  filter  electrodes.  The 
primary  and  secondary  geometrical  aberrations  of  the  entire 
system  were  then  computed.  It  was  found  that  the  dominant 
aberrations  were  the  primary  upherira  1  and  chromatic  aberra¬ 
tion  of  the  round  lenses  (C,  and  Cc).  anti  that  the  aberrations 
of  the  Wien  filter  were  negligible  in  comparison.  (Physically, 
this  is  because  the  primary  geometrical  aberrations  of  the  fil¬ 
ter  are  cancelled  out  when  the  filter  field  is  symmetric  and  the 
focusing  ray  is  antisymmetric  about  the  mid- plane,  and  tin- 
chromatic  aberration  of  the  selected  species  is  compensated 
because  the  image  plane  is  conjugate  with  tin-  filter  plane.' 

A  different  focusing  mode  was  then  analysed,  with  a  para! 
lei  beam  between  the  two  lenses,  and  no  intermediate  crossover. 
This  reduced  C„  and  Cc  for  the  focusing  system  by  more  than 
a  factor  of  2.  However,  the  Wien  filter  aberrations  then  be 
came  significant,  because  tin*  system  symmetries  and  conju 
gate  image  plane  mentioned  above  no  longer  held.  To  restore 
the  favourable  properties  in  the  parallel  beam  case,  the  single 
Wien  filter  was  replaced  by  two  Wien  filters  excited  in  op 
position  (Fig.  7).  This  creates  an  antisymmetric  filter  field, 
which  combines  with  the  symmetric  focusing  ray  to  again  can 
cel  the  filter's  primary  geometrical  aberration.  The  dispersed 
rays  now  emerge  parallel  from  the  filter  (Fig.  $).  and  thu* 
those  ions  which  pass  through  the  aperture  are  all  refocts-.e.! 
at  the  image  plane,  hence  minimising  the  chiomatic  binning 
Thus  the  parallel  beam  arrangement  with  a  double  Wien  HI 
ter  minimises  the  overall  aberrations  of  the  system.  Detailed 
values  of  the  aberration  coeHiciem's  are  given  in  J3]. 
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Fig.  1  Cross-section  of  a  crossed-field  achromatic  quadrupole 
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Table  3  Computed  octopole  excitations  (in  volts),  and 

residual  primary  aperture  aberration  coefficients 
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Fig.  2  Axial  arrangement  of  the  crossed  electrostatic  and 
magnetic  quadrupole  triplet  lens  (dimensions  in  mm) 


Fig.  4  Wien  filter  cross-section 
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Fig.  5  Axial  arrangement  of  the  single  Wien  filter  system 
(dimensions  in  mm) 


Fig.  3  Paraxial  rays  through  the  triplet  in  the  crossover  mode 
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Table  1  Computed  excitations  on  each  lens  for  achromatic 
focusing  (V,  in  volts  and  Nlr  in  ampere-turns) 


Coefficients  (mm) 


Species 

c„ 

Cel  2 

0.017 

0.021 

-7.85 

-07.43 

Hjj _ 

-0.006 

-0  008 

-7.<> 

-07.40 

Table  2  Computed  axial  chromatic  aberration  coefficients 
for  the  quadrupole  triplet 


FT*  .0  00  .0  3*  o'  0*  o  :o  rr* 2  ( m ) 

.  Si28 


Fig.  6  Dispersed  rays  for  the  single  Wien  filter  system 


V\F  A  «. 


-200  -'00  0  '0  '33  230 

Fig.  7  Axial  arrangement  of  the  double  Wien  filter  system 
(dimensions  in  mm) 
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Fig.  8  Dispersed  rays  for  the  double  Wien  filter  system 
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Newbury  Park,  CA  91320 


MicroBeam  has  developed  the 
NanoFab-150  focused  ion  beam  system  for 
fabricating  submicron  devices  and 
structures.  The  system  is  fully  automated 
for  ease-of-use  and  repetitive  operations. 

Three  target  beam  Bpot  diameters 
between  50  and  500  nanometers  may  be 
selected,  depending  on  the  aperture 
chosen.  The  beam  voltage  may  be  set 
between  4kV  and  150kV,  at  current 
densities  of  up  to  5  amperes  per  square 
centimeter.  A  primary  beam  mass  filter  is 
used  to  select  the  desired  ion  species. 
An  automated  loadlock  provides  rapid 
Bample  throughput.  An  x-y  stage,  whose 
position  may  be  monitored  by  a  laser 
interferometer,  accomodates  7-inch 
substrates.  High  speed  cryopumping  is 
used  for  evacuating  both  the  optical 
column  (housing  the  ion  source,  lenses  and 
mass  filter)  and  the  target  chamber 
(housing  the  x-y  stage,  position  sensors 
and  secondary  particle  detectors).  The 
target  and  optical  chambers  are 
differentially  pumped,  allowing  for 
pressure  differences  of  several  orders  of 
magnitude.  This  feature  permits  the 
injection  of  gas  into  the  target  chamber 
for  gas-modified  ion  beam  processes, 
without  compromising  liquid  metal  ion 
source  performance  and  lifetime. 

During  device  fabrication,  the 
NanoFab-150  may  be  used  for  patterned 
implantation  of  dopants  into  semi¬ 
conductors,  or  for  resist  exposure. 
During  imaging,  the  system  collects 
secondary  electrons  or  ions.  Integral 
high  efficiency  SIMS  optics  may  be 
supplied  for  use  in  process  endpoint 
detection  and  for  species-specific  high 
resolution  images. 

in  this  paper,  the  NanoFab-150  system 
configuration,  optical  design,  performance 
test  results  and  ultimate  design  goals  are 
discussed . 
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Prototype  liquid-metal  -  ion  sources  (LMISs) 
have  been  developed  for  f ocused-ion-beam 
(FIB)  application.  The  investigation  has 
included  commonly  used  ions  such  as  Ga  and  In 
and  others  such  as  B.  P.  and  As.  Ion  emission 
of  the  latter  elements,  which  are  dopants  in 
Si  semiconductor,  are  difficult  because  of 
several  problems  associated  with  strong 
corrosive  effect  of  B  at  high  temperature  on 
the  metal  electrode,  and  with  high  vapor 
pressure  of  P  and  As.  By  adding  new  results, 
the  present  paper  reviews  LMIS  structure, 
suitable  source  materials.  LMIS 
character ist ics .  and  FIB  profile  connected 
with  LMIS  characteristics. 


1.  Movable  needle  type  LMIS 

A  movable  needle  type  LMIS(l)  has  been 
developed.  The  needle  is  supported  to  allow 
precise  movement  along  its  axis.  and  is 
mechanically  and/or  electrically  controlled 
from  the  outside  of  the  vacuum  chamber .  even 
during  LMIS  operation.  Needle  movement  plays 
three  important  roles:  (1)  complete  wetting 
of  the  virgin  needle  with  molten  metal  by 
sticking  the  tip  into  the  molten  metal.  (2> 
recovering  the  metal  film  on  the  needle  apex 
after  undesirable  disruption.  (3) 
stabilization  of  ion  emission  for  any  LMIS  by 
optimizing  the  distance  from  the  heater  to 
the  needle  apex. 

Combinations  of  source-alloy/needle  for  B. 
P.  and  As  LMISs  are  Ni-B-Sl/SiC.  Pt-P-Sb/W. 
and  Ni- As/Re.  respectively.  The  source 
lifetime  is  over  250  h  for  B  and  200  h  for  P. 
The  As  LMIS  has  been  tested  up  to  30  h  and  no 
obvious  deterioration  has  been  observed. 


2.  Suitable  base -element  of  source  alloy 

O  f 

When  M  lon0£ lux  is  large  enough  for  FIB 
application.  M‘  ions  are  more  suitable  than 
M  ions  with  respect  to  FIB  f  ineness  .  ,t  Jh  1  s  Is 
due  to  a  sem 1 -emp i r i ca 1  rule  that  M‘  ions 
have  a  narrower  energy  spread  per  charge(2|: 

iAE(M2*)/2  'AE(M*1  AEIM2*)). 

Another  point  Is  that  M  lot  is  have  a  low- 
energy  tail  but  also  a  hlqh  energy  tallf  on 
their  energy  distribution  curve  when  M 
MZ  .  Here.  the  chromatic  aberration  Is 
assumed  to  be  dominant  In  determining  FIB 
size 

The  bcise  elements  of  the  source  alloy 
affect  the  charge  distributions  of  emitted 
lggs.  F<pr  example.  the  Intensity  ratio  of 
P'  to  P  Ions  are  about  0.2  for  Ou  P  alloy 
and  about  2  for  Pt  f^aljoy.  To  enhance  the 
Intensity  ratio  of  M'*/M  from  an  M  X  alloy, 
a  bt.se  element  X  with  higher  surface  tension 


f  must  be  chosen .[ 3 1  This  is  based  on  the 
consideration  that  a  mol‘en  alloy  with  a 
higher  requires  a  higher  electrostatic 
field,  which  leads  to  a  higher  probauility  o£ 
post  -  ion izat ion  of  the  field  evaporated  M 
ions.  Typical  favorable  base  elements,  which 
have  high  If  (  >  1500  dyn/cm)  and  form  rather 
low  melting  point  alloys  ( *  1000  C).  are  Ni. 
Pt .  and  Pd . 


3.  FIB  current  density  distribution 

Detailed  experiments  have  shown  that  the 
profile  deviates  from  the  Gaussian  at  1  to  3 
orders  of  magnitude  below  the  peak  and  has 
wider  skirts.  Analytical  expression  is 
obtained  for  the  normalized  FIB  current- 
density  distribution.  J  .  which  consists  of 
three  components ( 3 1 :  n(l)  a  normalized 
Gaussian  distribution.  1  .  which  holds  good 
near  the  FIB  center.  (2T'a  profile  connected 
with  lens  chromatic  aberration.  i  ,  and 
(3)  a  profile  caused  by  FIB  collisions  with 
residual  gas,  j 

n  .  c 

It  is  worthy  of  note  that  the  j  protile 
is  affected  by  the  ion  energy  d i§f P i but i on  . 
On  the  other  hand.  j  is  affected  only  by 
collision  character i st I cs  such  as  residual 
gas  pressure.  It  is  generally  suggested  that 
to  form  an  FIB  wj^h  a  smaller  spot  and 
narrower  skirt.  M*4  ion^  are  more  suitable 
than  M  Ions  when  M‘  M  . 
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Liquid  metal  ion  sources  have  been  observed  to  produce  material 
beams  of  widely  differing  constitution  and  charge  state.  This  includes 
everything  from  uncharged  neutral  particles*1*  to  singly  and  multiply 
charged  ionic  species,  singly  and  multiply  charged  clusters*2'  ,  and 
finally  charged  droplets  as  large  as  a  fraction  of  a  micron*3*.  Results  of 
experiments  deriving  the  total  mass  transport  from  a  LMIS  as  a 
function  of  current*4'  indicate  that  only  a  fraction  of  the  total  mass  is 
emitted  as  the  ionic  species  at  currents  above  a  few  microamperes. 
Any  theory  that  attempts  to  describe  the  ion  current-voltage  behavior 
of  the  LMIS  must  also  describe  emission  of  these  other  species,  since 
they  must  have  a  perturbative  influence  on  ion  emission.  Although 
the  emission  of  atomic  ions  is  generally  accepted  as  being  due  to  field 
evaporation,  the  origin  of  clusters  and  droplets  is  still  quite  uncertain 
(t  seems  likely  that  they  are  a  reflection  of  some  nonrandom 
fluctuation  in  the  liquid  tip. 

A  model  has  been  proposed  by  Kingham  and  Swanson*6*  to  describe 
the  ionization  mechanism  of  the  LMIS,  taking  into  account  neutral, 
cluster,  and  droplet  creation.  They  arrive  at  thia  model  by  assuming 
the  emission  site  to  be  a  cusp.  Ions  are  generated  through  field 
■ooiz&iion  or  field  evaporation  from  the  end  of  the  cusp,  while  clusters 
are  formed  through  the  coalescence  of  thermally  evaporated  neutrals 
from  the  shank  of  the  cusp,  which  are  drawn  to  the  tip  by  polarization 
forces,  where  they  are  field  ionized  Bahasadri***  adopts  a  different 
point  of  view,  namely  that  the  liquid  metal  cusp  behaves  as  a  fluid  jet, 
and  therefore  has  a  set  of  electrohydrodynamic  oscillation  modes 
which  give  rise  to  droplet  (and  p*rhaps  cluster)  emission  The 
experiment  described  here  is  an  attempt  to  observe  characteristic 
modes  at  high  frequency  and  as  a  function  of  total  emission  current. 

The  current  results  are  extensions  of  an  earlier  report*7'.  The 
apparatus  used  is  shown  in  figure  one.  A  gallium  LMIS  and  extractor 
(fig  la  and  lb)  generate  a  broad  beam  of  ions  A  rectangular  slit  (fig 
1c)  defines  a  fan  of  the  beam  HO  mrad  in  width  by  1  mrad  in  height 
The  ion  fan  is  swept  across  a  gated  chevron  multichannel  plate  (fig  if) 
using  a  voltage  ramp  that  is  adjustable  from  4  psec  to  100  nsec  A 
video  camera  records  the  image  produced  on  the  phosphor  screen,  and 
the  video  image  is  then  transferred  to  a  computer  where  the  digitized 
images  are  founer  analyzed  and  two  dimensional  power  spectra  are 
calculated 

The  previously  reported  results  of  time  and  angle  correlations  in  ion 
emission  have  been  extended  to  measure  the  power  spectrum  as  a 
function  of  total  source  current  The  time  and  angular  behavior  of  the 
emission  studied  at  emission  current!  of  5.  10,  25,  60,  amd  75  pA 
Figure  2  shows  one  such  power  spectrum,  calculated  from  images 
taken  at  an  emission  current  of  75  jiA  The  axes  are  log|0power  versus 
log,t}frequency  and  log,0angular  wave  number  Power  rolloffs  are 
evident  in  both  angular  wave  number  and  frequency  The  rolloff  in 
angular  wave  number  is  present  at  all  source  currents  and  has 
approximately  the  same  slope  of  13  db/octave,  independent  of  source 
current  This  is  attributed  to  coulomb  repulsion  between  ions  whicti 
are  emitted  the  order  of  200  A  apart  There  is  also  a  distinct  rolloff  in 
fluctuation  power  with  increasing  frequency.  The  slope  of  thia  rolloff 
increases  with  increasing  source  current,  with  the  power  falling  4  7  db 
per  octave  at  5  ft  A  and  falling  6  2  db/oelave  at  75  yiA  at  frequencies 
above  160  Mhz  Preliminary  results  also  indicate  that  the  total  power 
in  the  statistical  fluctuations  is  roughty  proportional  to  the  axial 
current  density  for  the  source  (not  the  total  source  current)  There  is 
no  indication  in  the  10-500  Mhz  range  reported  here  of  any  resonant 
behavior  in  the  emission  correlations,  such  as  have  been  reported  by 
Bahasadri  et  al  at  much  lower  frequencies 
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Electrohydrodynamic  (EHD)  ion  sources  have  attracted 
much  interest  since  the  late  1960's.  These  devices 
provide  a  high  brightness  (-10**  Acm“2/sr^),  high- 
resolution  quasi-point  surface  of  ions  at  low 
currents  (-1  -  10  jiA) .  For  currents  greater  than 
-10  -  50  /iA.  droplet  emission  of  variable  mass  and 
charge  begins  to  dominate [ 1-3 ) .  Even  though  the 
detailed  mechanism  of  operation  is  not  completely 
understood,  EHD  source  applications  have  facilitated 
the  growth  of  important  fields  of  contemporary 
technology  and  science[4).  Some  applications  of 
focused  ion  beams  (FIB)  include  ion  implantation, 
microfabrication  and  high  resolution  surface 
analysis[4].  In  addition,  there  is  interest  in 
their  use  for  electrical  propulsion  of  space 
cvafc{5]  and  as  a  light  ion  beam  driver  for  inertial 
confinement  fusion(6).  In  recent  years,  there  has 
been  renewed  effort  in  studying  po*.  ;ible  application 
of  droplet  emission  to  metallic  film  depo  i~ 
tion(2,7],  and  mask  repair[4,8j. 

By  applying  a  strong  electric  field  {-few  V/A)  to  a 
liquid  metal  or  alloy  (eg,  Ga ,  Al ,  Au,  Cs .  etc.) 
at  the  opening  of  a  narrow  capillary  tube  or 
deposited  on  a  metallic  whisker  tip,  one  obtains 
elongated  liquid  profiles  with  diameters  of  <  100A 
as  a  quasi -static  equilibrium  shape.  At  a  certain 
critical  voltage,  the  liquid  mic roprot rus l ons j 8 j 
begin  to  oscillate  and  finally  emit  a  narrow  beam  of 
singly  and  multiply  charged  ions,  as  well  as  neutral 
and  charged  clusters,  and  microdroplets [ l- 3 . 9 . . 

Some  of  the  basic  physical  problems  which  must  he 
addressed  in  order  to  understand  the  operation  of 
these  devices  are: 

1.  The  spatial  and  temporal  evolution  of  the 
ini croprotrusions  (<500A)  on  the  liquid  surfae, 
which  are  thought  to  be  the  source  of  the  ions 
and  droplets. 

7.  The  mechan’sm(s)  predicting  where  an  I  how 
surface  ins  abilities  arise  and  result  in 
fragmentation  and  su  sequent,  emission. 

3.  The  specific  quantum-mechanical  mechanism  for 
ion  and  charged  cluster  or  droplet  formation 

The  most  Important  physical  parameter  necessary  to 
describe  the  Ion  and  r'roplei  formation  mechanism  is 
the  electric  field  on  the  surface  of  the  fluid  near 
or  at  the  apex  of  the  source.  This,  in  turn, 
requires  a  knowledge  of  the  statlr  and  dynamic  shape 
of  the  stressed  fluid  surface  Therefor*-,  a 
fundamental  problem  in  the  theory  of  operation  of 
EHD  sources  is  the  prediction  of  the  stati  •  and 
dynamic  conf igur it  ion  of  the  liquid  emitter  subject 
to  strong  electric  fields. 

An  exact  mathematical  treatment  of  the  problem  of  ,,n 
electrostatically  stressed  flui..  from  :rero  field  to 


the  onset  of  instability  gives  rise  to  non-linear 
electrohydrodynamic  equations.  To  make  the  problem 
tractable,  one  considers  th  -vo  limiting  regimes, 
the  electrohydrostatic  (EHS)  and  the 
electrohydrodynamic  (EHD)  regimes.  In  the  EHS  case, 
the.  fields  and  velocities  are  assumed  to  be  so  .mall 
that  quasi-static  equilibrium  exists  and  the  fluid 
surface  is  essentially  at  rest.  In  the  EHD  limit, 
pressure  and  field-gradients  give  rise  to  fluid 
flow.  Hence,  the  pressure  in  the  Laplace-Young 
stress  balance  condition  is  .  time- dependent 
quantity.  Fluid  flow  is  now  included  in  the 
description  of  the  deformation  of  the  fluid  surface 
in  response  to  the  field. 

In  the  paper,  we  first  present  some  of  the  relevant 
experimental  results  for  EHD  sources.  Earlier 
treatments  of  stability  in  the  EHS  model  are 
crit*’cally  reviewed.  Some  recent  theoretical 
results  in  the  EHS  limit  are  then  presented.  These 
suggest  the  essential  features  necessary  for  a 
correct  description  of  the  fluid  in  the  dynamical 
limit.  We  then  examine  new  EHD  theories  and 
calculations  of  the  dynamical  shape  and  stability. 
Finally,  recent  theoretical  attempts  to  explain  ion 
and  droplet  formation  will  be  discussed. 

tThis  work  was  supported  in  part  bv  NSF  Grant  No 
INT-8714799. 
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A  fundamental  problem  in  the  study  of  Liquid 
Metal  Ion  Sources (LKIS)  is  to  describe  the  ion 
formation  phenomenon  occurred  at  die  onset  voltage. 

It  is  the  macroscopic  problem  of  instability  of  the 
electrically  stressed  fluid  and  is  the  microscopic 
ptoblem  of  field  evaporation  of  ions  from  a  liquid 
surface. 

For  the  macrc-copic  description  of  the  plienomenon , 
elect rohvdr ©dynamic ( BID)  equations  are  applied  to  a 
conical  model  of  the  conducting  fluid.(l)  Since  the 
Taylorl2)  cone  is  given  at  overall  equilibrium 
across  the  entire  cone  surface,  it  is  used  as  the 
zeroth-order  shape.  The  model  surface  is  chosen  to 
be  a  deformed  cone  which  is  described  by  the  first- 
order  term  of  deformation.  By  taking  out  the  first- 
order  contribution  terms  of  electric  and  mechanical 
stresses  and  pressure  difference,  we  have  the  first- 
order  DID  equations.  The  obtained  first-order 
Laplace-Young  stress  condition  yields  the  shape 
deformation  and  critical  voltage  at  the  onset  of 
instability.  This  approach  is  similar  to  the 
analysis  of  the  linear  surface  wave  occurred  at  the 
horizontal  overall  equilibrium  surface. 

However,  even  though  instability  is  a  universal 
Phenomenon,  the  two  first-order  stability  analyses 
are  different  in  that  for  the  conical  model,  there 
alreadv  exists  a  geometrical  singularity  in  the 
zeroth-order  surface.  The  current  attenpt  leads 
to  a  success  to  obtain  the  evolved  shape  and 
critical  voltage  for  breakdown  of  a  three-dimensional 
fluid  surface  in  much  better  agreement  with  experi¬ 
ment.  It  is  also  wrth  while  to  mention  that  the 
instability  obtained  here  is  localized  at  the  cone 
apex,  which  cannot  be  explained  in  the  Taylor 
analysis.  To  avoid  mathematical  difficulties  in  the 
DID  theory,  wo  first  treat  the  fluid  quasi- 
hvdrostatically.  By  quasi -hydrostatically  we  mean 
that  no  flow  is  allowed  even  though  a  ‘snail 
deformation  is  considered.  This  implies  that 
deformation  is  independent  of  time.  The  criterion 
for  instability  is  assumed  to  be  zero  pressure 
difference,  Ap  =  0  as  in  the  hvdrostatis  case. 

The  obtained  shape  is  a  concave  cone  and  the 
associated  cirtical  voltage  is  approximeteiy  equal 
to  two  thirds  of  that  obtained  in  the  Taylor  argunent . 
Secondly,  we  make  several  assumptions  and  approx i- 
mations  to  have  seme  DID  results.  In  this  case, 
fluid  flow  is  allowed  and  then  deformation  depends 
upon  tine.  Mathematically,  the  first-order  Laplace- 
Young  condition  can  yield  the  dispersion  relation  for 
oo,  the  frequency  associated  with  a  perturbed  surface 
wave.  For  the  condition  CJ=0,  the  critical  voltage 
for  the  onset  of  instability  is  obtained. 

The  corresponding  shape  is  also  calculated.  However, 
the  shape  ft.rm  and  critical  voltage  are  not  uniquely 
def  ertni  ned. 

for  the  microscopic  description  of  the  ion 
format  inn  mechanism,  the  spherical  model  of  fluid 
i •;  chosen.  In  addition  to  the  role  of  the  planar 
nle I f  ij  which  fvis  been  mostly  used,  it  vields  the 


size  and  fieLd  penetration  effects  with  ease. 

This  model  is  also  directly  related  to  the  macro¬ 
scopic  drop  whose  instability  has  been  studies  for 
more  than  a  century.  The  field  ionization  and  the 
space  charge  effect  in  this  model  are  briefly 
discussed. 
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AN  ELECTROHYDRODYNAMIC  FORMALISM  FOR 
DROPLET  FORMATION  IN  ELECTRICALLY  STRESSED 
CONDUCTING  FLUIDS. 
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Some  of  the  basic  physical  problems  which  must  be  addressed 
in  order  to  understand  the  operation  of  EHD  sources  are: 

1 .  The  spatial  and  temporal  evolution  of  the  microprotrusions 
(<50nm)  on  the  liquid  surface,  which  are  thought  to  be  the 
source  of  the  ions  and  droplets. 

2.  The  mechanism(s)  predicting  when  and  how  surface 
instabilities  arise  and  result  in  fragmentation  and 
subsequent  emission. 

3.  The  delineation  of  the  specific  ion  and  charged  droplet 
formation  mechanisms.  These  are  fundamentally 
microscopic  and  quantum  mechanical  in  nature  and  will  not 
be  treated  in  this  paper. 

Solution  of  these  problems  should  provide  information  on  the 
following  predictive  features  and  parameters  which  can  be 
compared  with  experimental  observations: 

a.  The  droplet  size  distribution  and  charge  to  mass  ratio  (1,2). 

b.  The  critical  field  necessary  for  breakdown  of  the  surface. 

c.  The  characteristic  time  associated  with  the  growth  and 
decay  of  instabilities  on  the  surface  of  the  stressed  fluid 
(3, 4, 5, 6). 

d.  The  size  (wavelength),  amplitude,  and  the  position  of  the 
instabilities  on  the  stressed  fluid  (3,4,7). 

An  exact  macroscopic  dynamical  theory  to  treat  problems  1  and 
2  involves  the  simultaneous  solution  of  the  Navier-Stokes  equation. 
Maxwell's  equations,  and  the  time-dependent  Laplace-Young  stress 
condition.  These  equations  are  non-linear  in  the  velocity  and  not 
amenable  to  closed  form  solution. 

Chung,  et.  al.  (8)  have  recently  developed  an  electro- 
hydrodynamic  theory  for  an  ideal  conducting  fluid,  and  applied  this 
analysis  to  a  fully  three  dimensional  model  of  a  liquid  metal  ion 
source  whose  initial  unperturbed  state  was  that  of  a  ideal  Taylor 
cone  model.  Equations  to  be  solved  simultaneously  are  the  Laplace 
equation  for  the  electric  potential,  <t>  and  the  velocity  potential  Q, 
Bernoulli's  equation  for  an  incompressible  and  irrotational  fluid, 
the  boundary  conditions  on  the  potentials,  and  the  time-dependent 
Laplace-Young  stress  condition. 

This  exact  set  of  coupled  EHD  equations  and  boundary 
conditions  is  intrinsically  non-linear  in  the  velocity  term  u2.  To 
make  the  problem  tractable,  the  EHD  equations  were  linearized  and 
solved  to  first  order  in  the  potentials  and  the  surface  deformation. 
It  is  important  to  note,  however,  that  the  Chung,  et.  al.  (8), 
analysis  only  treats  the  very-long  wavelength  surface  modes  and 
does  not  allow  for  any  azimuthally  dependent  capillary  wave 
modes.  Thus,  processes  such  as  "necking"  or  fragmentation, 
which  can  provide  a  mechanism  for  droplet  emission,  cannot  occur. 
Also,  the  results  obtained  by  Chung,  et.  al.,  are  restricted  to  be 
commensurate  in  size  with  the  macroscopic  dimensions  of  the  fluid 
sample  (i.e.,  those  used  by  Taylor  (9)).  This  is  a  consequence  of 
restricting  the  calculations  to  the  long  wavelength  limit.  It  is 
apparent  that  for  the  more  general  case  of  excitation  of  a  spectrum 
of  capillary  wave  modes,  instabilities  of  submicron  size  can 
develop. 

In  this  paper  we  describe  an  electrohydrodynamic  theory  and 
present  numerical  results  for  localized  ion  and  cluster  emission  that 
includes  dissipative  effects  (i.e.,  viscosity).  This  analysis  »s 
based  on  the  formalism  developed  by  Grossmann  and  Muller  (10), 
but  is  no  longer  restricted  to  radial  fields  in  cylindrical  geometry. 
The  formalism  outlined  here  relaxes  this  restriction,  and  is  app'icd 
to  a  model  with  both  radial  and  longitudinal  electric  fields  which  are 
present  in  most  EHD  sources. 

Assume  Uj(r.t)  and  p,(r,t)  represent  the  deviations  of  the 
velocity  and  the  pressure  fields  from  their  equilibrium  values,  u() 
and  pu.  Then  the  Navier-Stokes  equation  in  linearized  form  for 
these  deviations  becomes  (10), 
r)u  j 

p  —  r  -Vp(  -  vpV  x  (V  x  uf )  with  V«u,  -  0  ... 

f)t 


where  p  is  the  density  and  v  is  the  viscosity,  The  dynamical 
quantities  can  be  completely  determined  if  one  applies  the  boundary 
conditions  at  the  free  surface  of  the  fluid.  The  first  of  these  is  the 
compatability  condition  between  the  shape  of  the  fluid  surface  and 
the  velocity  inside  to  the  fluid.  The  other  boundary  conditions  on 
the  potentials,  and  the  Laplace-Young  condition  must  also  be 
satisfied. 

The  above  formalism  when  applied  yields  solutions  for  u,  and 
pj  which  satisfy  the  boundary  conditions.  This  allows  for  the 
determination  of  the  eigenmodes  and  eigenfrequencies  of  the 
system  as  well  as  the  limits  of  the  stability  regimes  of  the  stressed 
fluid.  The  general  form  of  the  eigenmodes  u  as  a  function  of  r.  0,  $ 
are  now  determined  as  a  function  of  frequency.  Similarly,  the 
frequencies  of  the  eigenmodes  are  calculated  by  substituting  the 
solutions  for  Uj  and  p[  into  the  time -dependent  Laplace-Young 
stress  condition.  This  gives  the  relationship  between  the  restoring 
stresses  provided  by  the  surface  tension,  the  outward  stress  due  to 
the  electric  field  and  the  inertia  of  the  fluid  from  which  one 
determines  the  possible  eigenfrequencies.  In  the  present  analysis, 
the  real  part  of  die  eigen  frequency  is  related  to  the  decay  rate  of  the 
excited  eigenmode,  and  the  imaginary  part  is  related  to  the  energy 
associated  with  that  mode.  It  is  important  to  note  that  the  solutions 
for  the  velocity  field  involve  Bessel  functions  which  contain  the 
parameter  k.  The  significance  of  this  is  that  these  are  essentially  the 
characteristic  wavelengths  associated  with  the  perturbed 
eigenmodes  or  surface  disturbances  on  the  fluid.  The  functional 
form  of  the  mode  ampitudes,  which  contain  terms  such  as  sin  (T 
Inr),  is  consistent  with  what  is  expected  on  physical  grounds.  This 
is  seen  from  the  following  argument.  The  parameter  x  contains  the 
wavelegnth  dependence  of  the  modes.  The  spacing  betwen  nodes 
is  not  equidistant  but  increases  with  distance  from  the  apex. 
Physically,  this  implies  greater  stability  of  the  perturbed  surface  as 
one  moves  away  from  the  apex  region,  that  is,  this  gives  a  local 
dependence  of  the  stability  of  the  excited  eigenmodes  with  the 
instability  most  likely  to  occur  at  or  near  the  apex  where  the  fields 
are  highest.  Since  the  excited  eigenmodes  constitute  a  spectrum  of 
wavelengths,  then,  in  the  short  wavelength  limit,  they  can  account 
for  the  microprotrusions  observed  exponmentally. 

Numerical  calculations  of  the  eigenfrequency  spectrum  are 
presented.  From  this  data,  the  stability  regimes  are  delineated  as 
well  as  the  breakdown  voltage  for  the  stressed  fluid.  From  the  real 
part  of  the  calculated  eigenfrequencies  the  localized  growth  and 
decay  rates  are  examined.  In  addition,  the  calculated  local 
amplitude  variation  provides  information  on  the  droplet  size 
distribution  which  is  compared  to  experiment. 
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1.  Introduction 

There  are  many  chances  to  contaminate  silicon  wafers 
with  metal  impurities  such  as  Fe,  Ni  and  Cu  even  in 
the  automated  LSI  manufacturing  processes.  Heavy  metal 
contaminations  on  silicon  wafers  are  one  of  the  most 
rious  causes  which  degrade  the  device  performance7" 
'•  the  feature  size  of  silicon  LSI  is  reduced,  the 

study  and  control  of  metal  impurities  become  more  im¬ 
portant.  Although  many  works’'  '  about  metal  im¬ 
purities  have  been  reported,  the  quantitative  study 
for  the  metal  precipitations  and  the  influence  to 
electrical  characteristics  have  been  scarcely 
reported. 

In  this  presentation  the  behaviours  of  metal  im¬ 
purities  at  the  surface_are  discussed  after  quantita¬ 
tive  metal  contamination*' .  And  their  dependence  on 
s,;rls  of  impurities,  amounts  of  impurities  and  heat 
processes  are  shown  by  observation  of  etch  pits, 
transmission  electron  microscopy  (TEM),  and  electrical 
•tiara  uteri  sties  such  as  gate  oxide  integrity  (GOI)  and 
carrier  lifetime.  From  these  results,, .quantitati ve 
monitoring  methods  have  been  developed '  .  Then  get- 

tering  techniques  to  remove  such  metal  impurities  and 
tneir  efficiency  during  heat  treatment  are  discussed. 

2. Experiment 

ior  the  experiments  n-  and  p-type,  Czochralski-grown 
(i-Z),  4"4>  and  ( 100) -oriented  wafers  were  used.  Sample 
wafers  were  contaminated  quantitatively  by  spin  coat¬ 
ing  of  metal  salt  solution  on  their  front  surface.  In 
order  to  measure  the  concentration  of  metal,  a  native 
oxide  film  on  the  front  surface  was  decomposed  in  HF 
vapour  and  dissloved  solution  was  analyzed  by  a  flame- 
leas  type  of  Atomic  Absorption  Spectrometer  . 

After  ijample  wafers  were  contaminated  with  1012-1013 
atoms/cm  of  Hi,  Cu  and  Fe,  they  were  put  into  a  fur¬ 
nace  at  1000*  C  and  heated  up  to  1150#C  with  ramping 
rate  of  5-C/min.  Then  they  were  annealed  at  1150*0  for 
I  hour  in  N  arid  cooled  to  room  temperature  through 
two  types  of  processes.  In  one  case  < HT 1 ) ,  they  were 
cooled  down  to  100O® C  with  the  rate  of  3®  C/min  and 
pulled  out  of  the  furnace.  In  another  case  (HT2),  they 
were  cooled  down  to  650® C  with  the  rate  of  1*C/roin  and 
pulled  out  of  the  furnace.  After  HTl  or  HT2,  sample 
wafers  were  also  annealed  at  10w0°C  for  4  hours  in  dry 
1 ' ^  (HTj).  Then  the  surface  defects  were  observed  by  an 
opt j «•«  1  microscope  after  preferential  etching  and  TEM. 

in  order  to  investigate  the  influence  on  G0J  and  car¬ 
rier  lifetime,  oxide  films  were  removed  after  HTl  or 
IfTr  aril  MOS  capacitors  were  fabricated.  MOS  capacitors 
l\,r  'iol  evaluation  had  25  nm  oxide  films  and  3mm  X  3mm 
polysilieoh  electrodes.  M  -S  capacitors  for  lifetime 
•.valuation  had  75  nm  oxide  films  and  1mm  X  1mm  A1 
electrodes  with  guard  electrodes.  Guttering  ef_ 
f  i rrcias  during  heat  treatment  were  evaluated  con- 
ruing  intrinsic  guttering  (HI),  backside  damage  by 
t  l.rnat  IbU)  and  pofysilicon  back  coating  (PC), 
i t.uy  wore  investigate  1  by  electrical  characteristics 
after  quantitative  contaminations. 

1.  P'  S'ilfs  and  Discussion 

Hguri,-  t  sliows  the  correlations  between  surface  metal 
i n t ration  and  shallow  pit  density  by  an  optical 
mi  w., scope  after  HTl.  Precipitations  of  Cu  and  Ni  wore 
.i.i-rvol  as  shallow  pits  after  preferential  etching, 
•.M  they  gr«w  i hi-,  slacking  faults  and  dislocations 
'iM«-r  nil.  However  n<>  defects  were  observed  by  Fe  eon- 
tsnii.'.t  i-.n.  We  could  r,wt.  u  I «»»  find  any  defects  on  all 
nt  -im  i  r.at  ed  wafers  after  HlV  or  HIV  t  HTi.  Figure  2 
•'  ■  j  'S.-i  -  see !  i  nun  1  TKM  image  after  HTl  f»»)  and  a 


plane-view  TEM  image  after  HTl  +  HT3  (b)  for  a  Cu  con¬ 
taminated  wafers.  Precipitations  grown  along  ( 110) 
plane  were  observed  in  (a)  and  they  induced  stacking 
faults  after  subsequent  annealing  in  (b).  These 
precipitations  were  found  to  be  Cu  silicides  by  EDX 
analysis.  The  similar  results  were  obtained  for  Ni 
contaminated  wafers.  Therefore  the  behaviours  of  Cu, 
Ni  and  F’e  in  silicon  strongly  depend  on  surface  con¬ 
centration  of  metal  and  the  condition  of  subsequent 
heat  treatments  after  contamination.  Cu  and  Ni  im¬ 
purities  tend  to  precipitate  at  the  surface  and  Fe 
dissolves  into  bulk. 

The  correlations  between  the  surface  metal  concentra¬ 
tion  and  GOI  are  shown  in  Figure  3*  Breakdown  strength 
was  reduced  in  the  samples,  whose  precipitations  were 
observed  after  HTl.  However  it  was  also  reduced  in  the 
samples,  Cu  contaminated  with  107  atoms/cm2  after  HT2 
and  Ni  contamination  after  all  heat  treatments,  in 
which  we  could  not  find  any  precipitations.  These 
results  indicate  that  GOI  is  more  sensitive  for  metal 
contaminations  than  the  observation  of  shallow  pits. 
Fe  impurities  did  not  degrade  GOI,  but  they  decreased 
generation  lifetime.  It  is  considered  that  Fe  dis¬ 
solves  into  bulk  during  heat  treatment  and  form  car¬ 
rier  generation  centers. 

The  gettering  efficiencies  were  studied  after  heat 
treatments  simulating  a  C-M0S  process.  These  results 
show  that  IG  is  more  effective  than  BD  and  PG  stably. 

4.  Conclusion 

The  behaviours  of  heavy  metal  impurities  in  silicon 
were  studied  by  the  observation  of  defects  and  the 
measurement  of  MOS  capacitors  characteristics  after 
quantitative  contamination  by  spin  coating. 

(1)  Ni  and  Cu  precipitate  metal  silicides  at  the  sur¬ 
face  and  grow  into  stacking  faults  or  dislocations 
after  heat  treatment.  Their  behaviours  strongly  depend 
on  the  condition  of  heat  treatment.  Gate  oxide  in¬ 
tegrity  is  reduced  by  precipitations  of  Ni  and  Cu. 

(2)  Fe  diffuses  and  dissolves  into  bulk  and  decreases 
carrier  lifetime. 

(3)  The  methods  to  investigate  the  gettering 
eficiency  are  developed  and  it  is  found  that  IG  is 
more  effective  than  BD  and  PG, 
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Fig.  I  Dependence  of  etch  pit  density  on  surface  metal 
concentration  on  silicon  (  The  size  of  etch  pits  is 
different  with  the  concentration  of  Ni  ) 
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(FCCZ) TECHNIQUE 
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When  a  semiconductor  single  crystal  is  grown 
from  a  melt  in  a  crucible, by  the  conventional 
CZ  technique, impurity  concentration  distri¬ 
bution  C  in  the  longitudinal  direction  of  the 
grown  single  crystal  varies  according  to  the 
following  eqation, 

C  =  kCo(l-G)k'1  - (1) 

where  k  is  the  segregation  coefficient,  Cq  is 
the  initial  impurity  concentration  of  the 
melt,  and  G  is  the  solidification  rate. 

Therefore,  significantly  decreasing  the  for¬ 
mation  yield  for  a  single  crystal  having  an 
impurity  concentration  within  a  predetermined 
range  when  segregation  coefficient  k  is  small. 

Conventionally,  a  pulling  technique,  known  as 
the  floating  crucible  technique , has  been  pro¬ 
posed,  to  solve  the  above  problem1  ),2i  However 
there  are  few  reports  in  the  Si  crystal 
growth31  '*) 

Recently, we  have  developed  a  new  double-cruci¬ 
ble  CZ  technique  for  obtaining  uniformly 
doped  Si  single  crystals  from  top  to  tail  on 
the  basis  of  the  idea  by  A.V.Valcic  5).  This 
is  called  the  FCCZ(Full  Range  Resistivity 
Controlled  CZ) technique .  This  uniformity  i3 
accomplished  in  the  followsing  manner. 

(A)  A  special  double-structure  quartz  cruci¬ 
ble  is  used.  The  inner  crucible,  containing 
a  melt  doped  with  an  impurity, is  arranged 
concentrically  and  integrally  with  the  outer 
crucible  to  contain  an  undoped  melt.  The 
inner-crucible  diameter  is  VJt  times  that  of 
the  outer  crucible,  when  the  impurity  segre¬ 
gation  coefficient  is  k. 

(B)  These  inner  and  outer  crucibles  connect 
through  a  quartz  pipe  like  passege .which  pre¬ 
vents  diffusion  of  an  impurity  from  the 
inner-crucible  melt  to  the  outer-crucible 
melt,  and  prevents  exchange  of  melts  between 
inner  and  outer  crucibles,  before  and  during 
crystal  pulling. 

The  principle  for  obtaining  uniformly  doped 
single  crystals  is  as  follows.  First,  it  is 
assumed  that  the  outer  crucible  radius  is  R, 
the  inner  crucible  radius  is  r,  the  segre¬ 
gation  coefficient  for  an  impurity  is  k,  the 
impurty  concentration  in  the  inner-crucible 
melt  is  Cj  The  following  relationship  is 
satisfied  at  the  liquid  surface  height  of  the 
melt  from  which  the  crystal  is  to  be  pulled 
(see  Fig. 1 ) ; 

r  =  VTc*R  - (2). 

When  the  melt  surface  height  in  the  crucibles 
is  decreased  by  AH  as  the  single  crystale  is 
pulled, the  total  grown  crystal  volume  is 
JtR  J  AH  ,so  the  total  impurity  amount  taken 
into  the  single  crystal  is  as  follows, 

irR!AH«kC, 


In  addition,  an  impurity  amount  originally 
present  in  the  melt  in  the  inner  crucible 
having  height  AH  is  represented  by 

x  r2AH«C  j 

=  IS!AH(r!/#!)C,  (due  to  eq.  (2) ) 

=  K  R2AH*kCs  - (3), 

and  thereby  corresponds  to  the  total  impurity 
amount  taken  into  the  single  crystal.  That 
is,  the  impurity  present  in  the  melt  in  the 
inner  crucible  with  height  AH  is  completely 
taken  into  the  grown  crysyal.  Therefore,  the 
impurity  concentration  in  the  melt  in  the 
inner  crucible  is  always  maintained  at 
constant  value  Cj  ,  so  that  in  the  pulled 
crystal  is  always  maintained  at  constant 
value  k«Cj. 

We  have  succeeded  in  obtaining  phosphorus 
doped  5" 0  diameter  <1I1>  or  <100>  dislocation 
free  Si  single  crystals  with  nearly  uniform 
resistivity  in  the  longitudinal  direction,  by 
using  the  proposed  double  crucibles,  as  r/R 
is  1 l"  0/ 16"0 ( see  Fig. 2  and  Fig. 3). 

Power  devices  were  manufactured , for  which  the 
sub-wafer  is  demanded  to  have  a  strictly 
narrow  resistivity  range,  for  trial  in  using 
Magnetic  Field  applied  FCCZ  wafers  and  recog¬ 
nized  that  the  formation  yield  for  the 
devices  is  eqivalent  to  that  in  using  R'nely 
used  NTD  Wafers. 

There  are  other  merits  in  using  the  FCCZ 
technique  during  the  Si  crystal  growth  beside 
the  longitudinal  resistivity  uniformity,  such 
as ; 

(A)  The  resistivity  uniformity  of  the  grown 
crystal  in  the  radial  direction  is  improved 
by  using  the  "small"  inner  crucible  as  the 
breeding  vessel. 

(B)  By  pulling  the  crystal  in  a  strong  mag¬ 
netic  field,  it  is  easy  to  obtain  a  single 
crystal  whose  resistivity  is  comparatively 
uniform,  not  only  in  the  longitudinal  di¬ 
rection  but  also  in  the  radial  direction. 

(C)  It  is  easy  to  obtain  comparatively  high 
[Oil  Si  crystals,  although  crystal  pulling  is 
implemented  in  a  magnetic  field  through  use 
of  the  "small"  inner  crucibles. 

(D)  This  new  pulling  technique  can  be  uti¬ 
lized  merely  by  exchnanging  a  conventional 
single  crucible  for  the  double  crucible 
presently  developed.  Therefore  it  is  possible 
to  use  a  convent inal  Si  CZ  pulling  machine 
without  changing  the  format. 

We  think  that  FCCZ  technique  is  the  closest 
cut  to  the  continious  pulling  technique , which 
is  a  dream  many  year's  standing,  for  Si 
crystal  industry. 
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1.  Introduction 

Active  aatrix  thin  file  transistors  (TFT' s)  have 
attracted  attention  for  their  applications  to  liquid 
crystal  (LC)  TV's  and  displays.  Ill i th  the  requireeent 
of  aonolithic  drivers'  integration  around  display 
panels  (1),  polycrystalline  silicon  instead  of 
aaorphous  silicon  is  becoaing  laportant  due  to  its 
high  carrier  aobility.  With  either  aaterials,  however, 
the  process  teaperature  should  be  lower  than  about 
600°C  to  allow  use  of  glass  substrates  (2). 

In  order  to  increase  carrier  aobility  of 
polysilicon  filas,  the  grain  size  should  be  increased 
and  the  crystallinity  (total  crystalline  voluae) 
should  be  as  high  as  possible  (3). 

In  this  paper,  we  investigated  the  structure  of 
crystallized  LPCVD  silicon  filas  which  were  deposited 
at  an  optima  deposition  teaperature  of  550*C  (4). 

A  nuaber  of  twinning  structures  and  stacking  faults 
were  observed  inside  grains. 

2.  Exper laental 

LPCVD  silicon  files  were  deposited  on  glass 
substrates  (100  aa  x  100  aa)  using  20  %  SiH4  diluted 
by  He.  Deposition  teaperature  and  pressure  were 
between  500  and  620*C,  and  between  0.3  and  1.5  Torr, 
respectively.  Fila  thickness  was  typically  150  na,  as 
aeasured  by  elipsoaetry. 

The  LPCVD  filas  were  annealed  in  Nt  aabient  at 
600'C  in  an  oxidation  reactor. 

The  crystallinity  of  the  filas  were  aeasured  by 
x-ray  diffraction;  the  incident  beaa  was  fixed  by  2* 
froa  the  saaple  surface.  Electron  spin  density  was 
aeasured  by  ESR  in  x-band  at  rooa  teaperature.  The 
TEH  observations  were  perforaed  at  the  accelation 
voltage  of  200  kV.  The  LPCVD  files  were  thined  by 
a  solution  of  HF : HN0, : CH, COOH  =  1:40:1. 

3.  Results  and  Discussion 

Fig.  1  shows  the  effect  of  deposition  teaperature 
on  the  voluae  of  (111)  crystalline  coaponent  before 
and  after  annealing.  For  as-deposited  filas, 
crystalline  phase  appeared  above  about  580*C.  After 
annealing,  however,  the  crystalline  voluae  had  a 
■ax i aua  for  the  filas  deposited  at  about  550*C. 

Alaost  no  increase  was  observed  for  the  files 
deposited  above  580*C. 

Fig.  2  shows  the  effect  of  deposition  teaperature 
on  electron  spin  density  for  the  files.  A  eaxiaua 
spin  density  was  observed  for  the  as-deposited  files 
at  550*C.  As  electron  spin  density  increased  for  as- 
deposited  filas,  the  crystallinity  was  increased  for 


annealed  filas.  Dangling  bonds  rather  than  distorted 
bonds  between  silicon  atoas  in  aaorphous  phase  seea  to 
fascilitate  solid  phase  crystallization. 

Fig.  3  shows  TEH  top  views  of  annealed  filas 
deposited  at  the  opt i aua  teaperature.  Grain 
structures  about  600  to  2000 X  were  observed  in  Fig.  3 
(a).  Fig.  3(b)  shows  a  lattice  laage  of  the  fila; 
inside  of  irregular  grain  boundaries,  twin  structures 
along  (111)  were  observed  on  (110)  planes.  Another 
periodic  structures,  probably  stacking  falts,  were 
seen  with  an  interval  of  about  10X. 
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The  Role  of  Film  Stress  on  the  Rate  of  Silicon 
Oxidation  at  Low  Temperature 

Paul  Murray  and  G.F.  Carey 
Aerospace  Engineering  &  Engineering  Mechanics 
The  University  of  Texas  at  Austin 
Austin  Texas  78712 


During  growth  of  oxide  films  on  silicon, 
compressive  stresses  which  develop  in  the  film  relax  at 
a  time  scale  proportional  to  the  viscosity  of  oxide.  As 
the  temperature  decreases,  the  viscosity  dramatically 
increases  and  compressive  stresses  become  more 
significant.  It  has  been  conjectured  that  a  high  film 
stress  at  low  processing  temperature  decreases  the 
diffusivity  of  oxidizing  gas  through  the  oxide  film. 
The  growth  of  oxide  at  the  oxide-silicon  interface  is 
determined  by  the  quantity  of  gas  reaching  the  silicon 
surface.  A  decreased  diffusion  rate  of  gas  through  the 
oxide  film  (due  to  the  high  compressive  stress)  results 
in  a  reduction  of  the  overall  growth  rate.  Therefore,  it 
is  essential  to  understand  mechanical  stress  in  oxide 
films  and  its  influence  on  the  transport  process  to  be 
able  to  accurately  model  silicon  oxidation. 

We  present  a  theoretical  model  for  silicon 
oxidation  that  includes  the  effect  of  stress  on  the 
growth  rate  of  thin  oxide  films.  Our  model  is  based  on 
the  treatment  of  oxide  as  a  compressible,  Newtonian 
fluid  and  the  assumption  that  the  diffusivity  of 
oxidizing  gas  through  the  oxide  is  decreased  by  film 
pressure.  Expressions  for  interfacial  pressure  and  bulk 
oxide  pressure  are  developed  and  applied  to  study  the 
effect  of  film  stress  on  the  growth  rate.  Moreover,  use 
of  a  general  expression  for  oxide  stress  enables 
calculation  of  film  thickness  for  both  planar  and 
cylindrical  silicon  surfaces.  This,  in  turn,  leads  to  an 
explanation  of  thinning  in  oxide  films  on  curved 
surfaces. 

During  oxidation  the  oxidizing  gas  diffuses  through 
the  film  to  react  at  the  silicon  surface.  There  is  a  net 
flux  of  oxide  away  from  the  moving  silicon  surface  to 
accomodate  for  the  difference  in  molar  volume 
between  silicon  and  oxide.  Film  stress  exists  because 
oxide  is  compressed  as  it  is  produced  during  the 
reaction  of  silicon  with  the  oxidizing  gas.  A  slightly 
compressed  oxide  at  the  oxide-silicon  interface  results 
in  a  velocity  gradient  through  the  film  which  causes  a 
compressive  stress  in  directions  parallel  to  the 
interface.  Our  model  confirms  that  high  oxide 
viscosity  at  low  temperature  (below  1000°  C)  inhibits 
stress  relaxation  so  that  pressure  remains  high 
throughout  the  film.  Conversely,  at  high  temperature 
lower  viscosity  enables  rapid  relaxation  of  stress,  thus 
confining  high  pressure  to  the  interfacial  region  near 
the  silicon  surface.  Therefore,  stress  effects  are 
especially  important  for  low  temperature  oxidation. 


We  apply  the  model  to  three  important  issues  of 
current  interest:  (1)  the  initially  rapid  oxidation  rate  at 
low  temperature;  (2)  the  crossover  in  rates  observed  for 
reactions  at  the  (110)  and  (111)  silicon  surfaces;  and  (3) 
the  occurrence  of  thinner  oxide  films  on  cylindrical 
surfaces.  These  phenomena  are  not  yet  fully 
understood  and  previous  theoretical  models  employ 
overly  restrictive  assumptions  on  the  oxide  stress.  We 
show  that  the  new  model  predicts  the  above  three 
phenomena  and  confirms  that  they  are  related  to  the 
high  stress  in  the  oxide  film  during  oxidation. 
Moreover,  use  of  dimensionless  variables  and  a 
general  expression  for  oxide  stress  enables  us  to 
perform  calculations  designed  to  determine  the 
important  physical  parameters  governing  the 
oxidation  process. 
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TITANIUM  SILICIDE  OHMIC  CONTACTS 
FOR  HIGH  TEMPERATURE 
8-SiC  DEVICES 

S.  M.  Tang,  W.  B.  Berry,  R.  Kwor,  K.  L.  Jacobson, 
Univ.  of  Notre  Dame,  Notre  Dame,  IN  46556; 

M.  V.  Zeller,  L.  G.  Matus,  NASA  LeRC,  Cleveland, 

OH  44135;  N.  S.  Alvi,  De Ico  El ect ronics ,  Kokomo, 

IN  46902;  A.  J.  Nelson,  A.  B.  Swartzl  ander,  SERI, 
Golden,  CO  80401. 

In  recent  years,  efforts  have  been  made  to  de¬ 
velop  high  temperature  8-SiC  devices.  One  maior  area 
of  research  is  on  the  investigation  of  ohmic  contact 
materials  which  are  stable  and  retain  electrical 
quality  at  high  temperatures.  Common  contact  ma¬ 
terials  such  as  Al  ,  Ni,  W,  Ti ,  Ta  and  Cr  have  been 
studied  (l,2j.  However,  many  of  these  metals  tend  to 
diffuse  into  the  SiC  during  high  temperature  anneal¬ 
ing.  Au/metal  layered  contact  structures  have  been 
examined  using  oxygen  sensitive  metals  (3,41.  Unless 
a  H2  atmosphere  is  used  during  annealing  the  metals 
migrate  through  the  Au  coating  to  the  surface  result¬ 
ing  in  de  1  «ni  nat  ion  of  the  contact.  Refractory  metal 
silicides,  known  for  their  high  temperature  stabilitv 
and  low  resistivity,  may  be  more  suitable  as  ohnic 
contacts  for  8-Sir.  Tantalum  disilicide  (TaSi?)  ohmic 
contacts  have  been  successful  at  400°  C  for  eight  hours 
in  air  (5).  In  this  study,  titankm  silicide  (TiSix) 
is  chosen  as  the  contact  material  because  it  has  the 
lowest  resistivity  amoung  common  refractory  silicides 
(6).  Of  special  interest  is  the  aging  effect  of  TiSix 
on  8-SiC  at  high  temperatures.  The  goal  is  to  deter¬ 
mine  the  maximum  temperature  for  which  this  material 
retains  good  electrical  quality. 

The  n-type  SiC  samples  were  heteroepi  t  ax  i  al  ly 
grown  on  off-axis  (100)  silicon  substrates  by  chemical 
vapor  deposition  (7).  Immediately  before  metalliza¬ 
tion,  the  samples  were  etched  with  HF  to  remove  any 
surface  oxide.  A  1 000A  thick  TiSix  layer  was  deposit¬ 
ed  on  the  SiC  surface  using  RF  sputtering  to  co-sput- 
tered  Si  and  Ti.  A  stainless  steel  shadow  mask  was 
used  Lo  define  the  contact  patterns.  After  deposi¬ 
tion,  the  samples  were  rapid  thermal  annealed  (RTA) 
at  950*  C  for  15  seconds  for  silicide  formation.  Post¬ 
deposition  heat  treatments  were  performed  in  a  quartz 
tube  furnace  under  a  H2  atmosphere.  The  heat  treat¬ 
ments  ranged  from  450*C  to  750BC  for  up  to  9.5  hours 
in  logarithmic  time-period  increments.  Current-vol¬ 
tage  characteristics  and  specific  contact  resistances 
(SCR)  of  the  sanples  were  measured  after  each  heat 
treatment  (8).  Standard  four-point  probe  techniques 
were  used  for  the  resistivity  measurements. 

Current-voltage  characteristics  were  linear  for 
the  T  i  S  i  x  contacts.  The  SCR's  were  in  the  rangp  from 
3x10-2  5x1 0—  2  ohin-cm^  after  RTA.  Figure  1  shows 

the  normalized  SCR  values  as  function  of  heat-treat¬ 
ment  time  at  different  temperatures.  The  SCR  did  not 
change  appreciably  after  heat  treatment  at  450*c  for 
9.5  hours.  Only  a  slight  change  in  the  SCR  was  noted 
aftpr  heat  treatment  at  600*C  for  9.5  hours. 

A  substantial  increase  in  SCR  was  measured  after  heat 
treatment  at  750*C  for  only  30  minutes.  With  contin¬ 
ued  treatment  at  750*C  for  up  to  9.5  hours,  a  dramatic 
increase  in  SCR  resulted,  as  noted  in  Figure  I.  In 
addition  to  the  increase  in  SCR,  a  color  change  was 
noted  after  4.5h  at  750*C.  The  silicide  surface 
visibly  turned  hrivn  as  compared  lo  the  original  as- 
deposited  bright  metallic  color. 


To  interpret  the  SCR  increase  and  the  color 
change,  Auger  Flectron  Spectroscopy  (AFS)  depth  pro¬ 
files  were  recorded  to  examine  chemical  reactions  at 
the  contact  surface  and  the  s  i  1  ic  ide/ S i C  interface. 

AFS  data  indicated  that  the  silicide  films,  after  RTA, 
were  Ti  rich,  most  likelv  a  Tisix  species  rather  than 
the  desired  Although  the  ohmic  contact  remain¬ 

ed  electrically  stable  while  heating  at  600*C  for  Q.5 
hours,  a  slight  reaction  was  already  occur ing  at  the 
interface.  Ti  was  detected  in  the  top  1 nnS  of  the  SiC 
1  aver.  A  slight  depletion  of  carbon  was  also  noted 
in  this  Ti  ♦  SiC  reaction  zone  and  a  corresoonding 
increase  in  carbon  was  observed  in  the  silicide  film. 
To  prevent  this  Ti  diffusion,  a  more  stoichiometric 
TiSi2  film  nust  be  prepared.  Flectrical  stahilitv 
studies  on  these  new  silicide  films  are  currently 
under  way. 
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Fig.  1  Normalized  specific  contact  resistance  vs 
heat-t  reatmpnt  time.  All  contacts  have  been  annealed 
(RTA)  at  050’C  for  15  see.  before  heat  treatment. 

"Hie  450*C  and  600*C  curves  were  normalized  to  the 
resistance  value  after  RTA.  The  750*c  curve  was 
normalized  to  the  resistance  following  the  600*C, 

0.5  hour  heat  treatment. 
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THE  INFLUENCE  OF  PROCESS  ATMOSPHERE  ON 
TITANIUM  SILICIDE  FORMATION 

R.  M.  Vadjikar  and  R.  P-  Roberge* 
Linde  Division,  Union  Carbide  Corporation 
Tarry town,  N.  Y.  10591 


Introduction 

Titanium  silicide  is  being  investigated  for 
ULSI  metallization  applications  because  of 
its  low  sheet  resistivity,  excellent  thermal 
stability  and  compatibility  with  the  self 
aligned  process  (1).  However,  the  self 
aligned  titanium  silicide  process  is  very 
sensitive  to  the  purity  and  type  of  process 
environment  (2).  Lateral  growth  of  titanium 
silicide  and  oxidation  of  the  titanium  film 
are  problems  which  are  addressed  by  using 
nitriding  process  atmospheres  containing  low 
levels  of  oxygen  and  water.  In  this  work, 
the  lateral  growth  of  titanium  silicide  in 
nitrogen,  argon  and  nitrogen+ammonia  process 
atmospheres  was  investigated.  It  was 
observed  that  ppm  levels  of  oxygen  or  water 
can  cause  unacceptable  oxidation  of  titanium 
film. 

Experimental  details 

The  experimental  apparatus  for  titanium 
silicide  process  experiments  is  shown  in 
Figure  1.  In-situ  monitoring  of  the  process 
atmosphere  during  the  annealing  cycles  was 
done  using  Linde’s  Reactor  Analysis  System 
(RAS).  The  RAS  is  capable  of  detecting  sub 
ppm  oxygen  and  water  impurities  in  the 
process  environment.  The  carrier  gases  used 
for  annealing  experiments  were  nitrogen, 
argon  and  ammonia+nitrogen.  Unpatterned 
silicon  wafers  having  a  1000  Angstrom 
titanium  film  on  the  surface  were  used  for 
examining  the  effect  of  ppm  levels  of  oxygen 
in  the  process  environment.  Patterned 
silicon  wafers  with  1000  Angstrom  titanium 
deposited  on  polysilicon  lines  were  used  for 
the  study  of  lateral  growth  of  titanium 
silicide.  The  first  furnace  anneal  in 
titanium  silicide  formation  was  carried  out 
at  6 75*C  for  20  minutes.  The  presence  of  a 
nitriding  process  atmosphere  was  found  to  be 
necessary  in  this  anneal  step  to  limit  the 
lateral  growth  of  titanium  silicide.  After 
etching  the  unreacted  titanium/titanium 
nitride,  the  second  furnace  anneal  was  done 
at  800*C  for  30  minutes,  so  as  to  reduce  the 
sheet  resistivity  of  titanium  silicide.  This 
anneal  step  was  done  in  argon.  The  lateral 
growth  of  titanium  silicide  in  nitrogen, 
nitrogen* ammonia  and  argon  was  studied  using 
the  scanning  electron  microscope.  Auger 
electron  microscopy  was  used  for  depth 
profiling . 

Results  and  discussions 

Visual  inspection  of  the  annealed, 
unpatterned  wafers  indicated  that  the 
oxidation  effects  were  predominantly  around 
the  periphery,  rt  was  found  that  oxygen  or 
water  contamination  levels  In  the  process 
atmosphere  should  be  kept  below  5  ppm  to 
minimize  these  effects. 


Figures  2,3  and  4  illustrate  the  lateral 
growth  of  titanium  silicide  in  different 
process  atmospheres.  The  RAS  was  used  in 
these  experiments  to  ensure  that  the  oxidant 
contamination  level  was  less  than  5  ppm. 

Figure  2  shows  that  lateral  growth  can  be  a 
severe  problem  if  only  argon  is  used  in  the 
first  anneal  step.  The  beneficial  effect  of 
nitrogen  (3)  is  evident  from  Figure  3.  The 
titanium-nitrogen  interaction  limits  the 
extent  of  lateral  growth.  Figure  4  shows 
that  addition  of  ammonia  to  nitrogen  does  not 
further  limit  lateral  growth,  as  compared  to 
nitrogen.  The  extent  of  lateral  growth  in 
nitriding  atmospheres  is  approximately  0.4 
microns.  Process  atmospheres  such  as  high 
vacuum,  pure  argon,  pure  hydrogen  and  pure 
helium  have  all  been  shown  to  cause 
unacceptable  amounts  of  titanium  silicide 
lateral  growth  during  furnace  annealing 
(4,5).  Nitrogen  can  be  effective  in  limiting 
lateral  growth,  provided  nitrogen  circulation 
is  not  limited  by  'face  to  face  annealing'. 
The  reason  for  the  beneficial  effect  of 
nitrogen  is  not  clearly  understood,  but  it  is 
generally  agreed  that  titanium  nitride  acts 
as  a  barrier  to  silicon  diffusion  and  hence 
titanium  silicide  lateral  growth  is  impeded. 
Figure  5  shows  an  auger  profile  after  the 
first  step  anneal  of  a  patterned  wafer.  The 
formation  of  titanium  silicide  is  clear  from 
the  parallel,  straight  line  segments  of  auger 
profiles  of  titanium  and  silicon.  The  excess 
concentration  of  nitrogen  and  oxygen  at  the 
interface  of  unreacted  titanium  and  titanium 
silicide  indicates  that  both  nitrogen  and 
oxygen  might  be  •'snowplowed"  by  the  growing 
titanium  silicide  layer.  The  growth  of 
titanium  silicide  should  stop  when  a  titanium 
nitride  layer  is  formed  ahead  of  the 
siLicide  layer,  since  titanium  nitride  is 
thermodynamically  more  stable  than  titanium 
silicide.  Oxygen  also  might  be  playing  a 
beneficial  role  to  limit  lateral  growth  (6). 

It  is  surprising  that  the  effect  of  ammonia 
additions  to  nitrogen  is  minimal,  since 
ammonia  can  supply  more  active  nitrogen.  It 
appears  the  diffusion  kinetics  may  be 
influencing  titanium  nitride  formation  rather 
than  effects  arising  at  the  titanium  film 
surface . 

Conclusions 

The  titanium  silicide  formation  reaction  is 
extremely  sensitive  to  the  purity  and  type  of 
process  atmosphere.  Nitriding  process 
environments  are  required  to  limit  the 
lateral  growth  of  titanium  silicide  to  0.4 
microns.  Ammonia  additions  to  nitrogen  do 
not  further  reduce  the  extent  of  lateral 
growth.  The  oxidant  contaminant  level  in  the 
processing  environment  should  be  kept  below  5 
ppm  to  minimize  oxidation  of  titanium. 
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FIGURE  1:  Diagram  of  the  experimental  set  up 


FIGURE  2:  Titanium  silicide  lateral  growth  inQ 
argon  process  atmosphere,  after  675  C, 
20  min  anneal  and  etch. 


FIGURE  3:  Titanium  silicide  lateral  growth  in 
nitrogen  process  atmosphere,  after 
675°C,  20  min  anneal  and  etch. 


FIGURE  4:  Titanium  silicide  lateral  growth  in 

10%  ammonia+nitrogen  process  atmosphere, 
after  675°C,  20  min  anneal  and  etch. 


FIGURE  5:  Auger  depth  profile  after  G75°C, 
20  »iin«  anneal  in  nitrogen. 
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MODELLING  OF  THE  INFLUENCE  OF  OXIDE 
GEOMETRY  ON  IMPURITY  DIFFUSION  INTO  SILICON 

S.  A.  Abbas i  and  A.  A.  Khan 
Department  of  Electronics  Engineering 
Aligarh  Muslim  University 
Aligarh  ,  INDIA-202002 

INTRODUCTION 

It  has  been  reported  earlier(l)  that  in 
the  case  of  boron  diffusion, the  presence  of 
masking  oxide  interferes  with  the  diffusion 
of  impurities  into  silicon  and  thus  modifi 
es  the  kinetics  of  these  impurities.  In 
particular,  the  measurements  showed(2,3) 
that  the  value  of  sheet  resistance  on  plain 
unmasked  check  slices  is  almost  always 
about  30%  lower  than  the  sheet  resistance- 
calculated  from  the  diffused  resistor 
measurements.  This  suggest  that  the 
diffused  kinetics  may  therefore  be  affected 
by  the  presence  of  surrounding  oxide.  Or, 
the  basis  of  a  careful  series  of  experi¬ 
ments  it  is  confirmed  that  the  actual  disc¬ 
repancy  depends  upon  device/window  geometry 
and  the  process  parameters.  The  discrepancy 
is  independent  of  background  concentration 
and  surface  orientation  of  the  starting 
material , oxide  thickness  and  oxide  growth 
conditions.  The  effect  is  not.  however, 
observed  if  the  boron  source  spun-on  or  ion 
implanted,  nor  it  is  observed  if  silicon 
nitride  is  used  as  the  mask  ir.  place  of  trie 
usual  silicon  dioxide.  The  spreading  resis¬ 
tance  and  the  infra  red  free  carrier  emmi - 
a  ion  measurements  with  respect  to  ar.  oxide 
edge  on  a  large  sample  suggest  that  the 
effect  is  of  long  nature  extending  to 
several  hundred  microns. 


EXPERIMENTAL  RESULTS 

The  use  of  silicon  nitride  as  the  mask 
shows  none  of  the  effects  observed  with  the 
•  xide  masking.  The  results  of  a  careful 
series  of  experiments  using  the  multi¬ 
layered  composite  masking  structures  invol¬ 
ving  thermal  oxide,  silicon  nitride  and 
siiox  are  summer ised  below: 

a)  The  use  of  silicon  oxide  as  the  masking 
material  in  place  of  Si02  does  not  pro 
luce  any  discrepancy  between  ^s(plane) 

b)  /rtf  ^6y  ide  on  nitride  as  a  mask 
does  produce  a  discrepancy  between 
(*s( plane)  and  ps(res>  of  the  same  order 
as  with  the  oxide  alone. 

•o;  If  the  surface  of  a  masking  oxide  is 
covered  by  silicon  nitride,  the 
discrepancy  reduces  to  a  small  order 
about  5%. 

d)  A  small  wdth  of  oxide  left  uncovered 
by  nitride  is  enough  to  cause  a 
discrepancy  of  about  14%  between 
Ps(plane)  and  ps(res). 
o,  If  the  masking  oxide  is  doped  with 
boron  prior  to  deposition,  the 

discrepancy  between  psf plane)  and 
ps(res)  disappears  altogether, 
f)  The  spreading  resistance  measurements 
confirm  that  the  use  of  silicon 
nitride  as  the  masking  material  shows 
none  of  the  effects  observed  with 

<xide  masking. 


THE  SURFACE  DIFFUSION  MODEL 

The  experimental  results  may  qualitati¬ 
vely  be  explained  on  the  basis  of  a  surface 
diffusion  model,  assuming  a  very  high 
dissolution  rate  of  boron  in  the  oxide 
surrounding  the  window.  Thus  the  surface 
concentrat ion  near  the  oxide  edge  may  be 
reduced  drastically  due  to  dissolution 
in  the  oxide.  A  significant  amount  of  fcor  n 
at  the  surface  may  thus  be  removed  towards 
oxide  due  to  surface  diffusion! 4 )  under  the 
influence  of  concentration  gradient  across 
the  surface.  This  results  in  a  higher  val  ;e 
of  sheet  resistance  in  the  windows.  A:, 
attempt  is  therefore  made  to  develop  a 
thecritical  model  which  would  predict  diff 
usion  profiles  in  the  windows  taking  int: 
the  masking  oxide  effects. 

Refering  to  fig  1,  the  f  .11. -wing 
assumptions  are  made 

a)  The  length  of  the  window  is  infinitely 
large  compared  to  its  width. 

b)  The  flux  Fn  >..f  be  ran  at. mo  arriving  at 
silicon  surface  is  constant. 

c ;  The  flux  of  boron  at  oxide  is  Fr.xH. 

c)  The  surface  diffusion  is  assumed  t^ 
take  place  at  Si  and  3; DC  ±jrf  aces  with 
surface  diffusion  coefficients  of  Do 
and  Dox  respectively. 

e)  The  maximum  rate  at  which  the  t^r.-n  may 
be  dissolved  in  -  wide  i.->  giver,  by 
GiCl  Cox  i'x ,  1 1 J  where  G  Is  a  ^enstan  * 
Cl  is  the  limiting  concentrat  i  :.  ..  f 
boron  in  the  oxi de  and  Coxix.t:  i s  the 
concentration  of  boron  in  the  ox  id*, 
f;  The  ideal  one -dimensional  diffusion  - 
responding  to  a  single  diffusion  u.ef 
ficier.t  in  the  silicon  bulk  i z  assumed 


RESULTS  AND  CONCLUSIONS 


A  system  --f  equati  n-  h ■  > 
above  assumptions  was  formulate^ 
numerically  using  Crank -Niche. I 
VAX- 11/780  VMS  computing  system 
resistance  on  the  window  is  expr 
percentage  cf  its  value  or.  area  c 
and  is  denoted  by  Psn.As  no  data 
Dox.G  and  H  etc.  are  available  in 
rature, suitable  values  have  bee 
and  a  good  agreement  between  the 
and  the  experimental  data  is  a 


.  lie 
e  s  se¬ 
ne  .*  k 


for  : 
the 


may  be  seen  from  fig. 2 
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The  Effect  of  Fluorine  on  Dopant  Diffusion 
in  Silicon 

U-  S.  Kim  ,  T.  Kook,  and  K.  J.  Jaccodine 
Sherman  Pairchitd  Laboratory  for  Solid  State  studies 
Lehigh  University,  Bethlehem,  PA  18015 

The  scaled  down  dimensions  of  devices  requires  shallower  junctions 
for  the  MOS  transistor,  i.e.  shallow  p*  and  (injunctions.  However, 
it  is  found  that  the  diffusion  of  dopants  during  oxidation  affect  the 
characteristics  of  a  short  channel  MOS  transistor  since  oxidation 
enhances  the  diffusion  of  dopants.  The  covering  layer  over  the  junction 
can  also  have  a  marked  efTect  on  the  diffusion  of  dopants  by  effecting 
their  diffusivity.  (1) 

Recently,  we  reported  the  oxidation  retarded  diffusion  (ORD) 
of  boron  rather  than  the  oxidation  enhanced  diffusion  (OLD)  under 
oxidation  conditions  with  small  (ppm)  additions  of  fluorine.  (2)  in  this 
study,  we  reported  the  effect  of  fluorine  on  the  diffusion  of 
various  n+  shallow  diffusions  using  P,  As  and  Sb.  The  effect  of  the 
various  covering  layers  on  dopant  diffusion  using  Si02  layer, 
Si3N4  layer,  bare  silicon  with  the  control  of  Si3N<  over  Si02  will  be 
compared. 

Czochral&ki  grown  lightly  doped  (111)  oriented  silicon  wafers  were 
implanted  with  P.  As,  and  Sb  at  80  keV  to  a  dose  of  1.0  x  10^/ciu1, 
respectively.  After  anneal  at  900' C  for  30  min  to  give  initial  junction 
depths  of  0.5  pm  for  P,  0-15  /im  for  As,  and  0.1  /tin  for  Sb.  All 
the  wafers  were  oxidized  at  900* C  in  steam  to  grow  2000  A  thick  pad 
oxide  A  1200  A  thick  Si3N«  film  was  deposited  by  low  pressure 
chemical  deposition  on  the  pad  oxide.  Subsequent  lithography  And 
plasma  etching  were  done  to  fabricate  a  specimen  structure  shown 
in  Fig  1.  After  s  tandard  cleaning  procedures,  one  group  of  wafers 
werr  then  oxidized  in  dry  oxygen  in  t lie  temperature  range  between 
lif»()'C  and  1100T  as  controls.  The  other  group  of  wafers  were 
oxidized  with  the  added  fluorine  (<.0-M  %  by  volume)  in  the  same 
temperature  range  to  study  the  diffusion  behavior  during  oxidation. 

In  this  study,  the  dry  oxidation  with  addition  of  NF3  (  02/NF3 
oxidation)  has  been  done  for  times  up  to  12  hrs.  These  8|>eriuiens 
were  then  angle-lapped  and  stained  to  measure  the  junction  depth- 

fn  Fig  2,  wc  show  a  P  diffused  n|icciiiirii  after  8  hrs  oxidation 
in  Oj/NFj  ambients.  In  contrast  to  the  enhanced  diffusion 
behavior  during  dry  oxidation,  the  diffusion  in  the  bare  silicon 
and  in  the  SlOj  covered  silicon  is  retarded  during  ()2/NF3 
oxidation  In  the  Si3N4  covered  silicon,  a  negligible  change  haa  lieen 
observed. 

In  Fig.  .1,  we  show  a  Sb  diffused  specimen  after  8  hrs 
().j  /NF3  oxidation-  Compared  to  (he  retarded  diffusion  of  As  and 
Sb  in  the  SiOj  area  during  dry  oxidation,  As  and  Sit  can  Im* 
observed  to  Im-  enhanced  during  0-,/NF3  oxidation  VVr  believed 
i bat  the  retarded  diffusion  of  As  and  Sb  in  the  bare  silicon  due  to 
the  out-diffusnm  loss  ,,f  dopants  'I  h»*  Si  ,N«  covering  layer  haa 
retarded  the  diffusion  of  Mi  uinhr  laitl,  oxidation  conditions. 


It  is  apparent  from  the  above  results  that  both  the  fluorine 
addition  and  covering  layers  have  a  significant  effect  on  dopant 
diffusion  during  oxidation.  YVe  believed  that  the  enhanced 

diffusion  of  Ab  and  Sb  in  the  Si02  covered  silicon  compared  to 
the  SiOj  +  Si3N4  area  causes  the  enhanced  generation  of 
vacancy  during  02/NF3  oxidation.  ( 1 ) 

In  summary,  the  balance  of  vacancies  and  self-  interstitials 
present  in  silicon  play  the  role  of  enhancing  or  retarding 
diffusion  during  oxidation.  The  experimental  results  clearly 
indicate  that  fluorine  addition  during  oxidation  cause  enhanced 
vacancy  generation.  We  also  found  that  a  covering  layer  haa 
a  significant  efTect  on  dopant  diffusion  during  oxidation- 
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Fig  1  Specimen  structure  fc.r  n  type  dopant  diffusion  studs 
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SOURCE/DRAIN  FORMATION  USING  SPIN  ON  DOPANTS 

AND  SUBSEQUENT  RAPID  THERMAL  DIFFUSION 
G.V.  Sheets  and  H.N.  Kozicki 
Center  for  Solid  State  Electronics  Research 
Arizona  State  University 
Tempe ,  AZ  85287-6206 

With  the  scaling  of  linevidths  in  advanced 
CMOS  integrated  circuits,  vertical  scaling 
considerations  must  also  be  addressed.  Lateral 
reductions  of  device  geometries  result  in  problems 
due  to  short  channel  effects  e.g.  punch  through  and 
threshold  voltage  shift.  These  problems  impose  limits 
on  the  degree  of  device  scaling.  However,  these 
problems  can  be  reduced,  in  part,  by  reducing  the 
source/drain  junction  depths.  Requirements  for  the 
source/drain  region  have  been  discussed  in  previous 
vork  (1).  It  vas  found  that  reducing  the  juction 
depth  to  less  than  0.2um  for  gate  widths  less  than 
0.5pm  was  necessary  to  reduce  the  short  channel 
effects. 

In  previous  studies  shallow  source/drain 
regi  ,  js  were  formed  by  low  energy  ion  implantation  and 
subsequent  thermal  annealling[2] .  This  method  of 
formation  tends  to  be  expensive,  due  to  the  capital 
equipment  and  maintance  costs  associated  with  ion 
implantation.  Also,  ion  implantation  induces  defects 
into  the  crystal  which  must  be  removed  by  a  post 
thermal  cycle,  which  also  serves  to  activate  the 
implanted  dopants.  Rapid  Thermal  Diffusion  (RTD)  is 
proving  to  be  a  viable  alternative  to  ion 
implantation.  Using  RTD  to  form  the  source/drain 
region  uses  the  established  technology  of  spin-on 
dopants,  with  a  high  temperature  (1000°C  to  1200°C), 
rapid  thermal  cycle  (3  to  60  seconds).  This  paper 
reports  on  the  sheet  resistance  and  junction  depths 
achieved  using  RTD. 


Experimental  Procedure 

Czochralski -grown  p-type  silicon  wafers  of 
(100)  orientation,  14-22  9-cm,  were  used  for  the  n- 
type  dopant  experiments,  and  n-type,  7-14  C-cm.  were 
used  for  the  p-type  dopant  experiments.  The  75  mm 
wafers  where  dipped  in  10:1  HF  to  remove  the  native 
oxide  and  then  heated  to  150°C  for  20  minutes  to  drive 
off  any  surface  water.  After  removal  from  the  over., 
they  where  immediately  spun  with  arsenic,  phosphorus, 
boron,  or  antimony  dopant  glasses.  Th^  dopant  glass 
'-as  applied  at  3500  rpm  for  30  seconds,  and  Then 
prebaked  at  125°C  for  one  hour  to  drive  off  any 
remaining  carrier  liquid.  Diffusions  were  performed  in 
a  Tamarack  180M  Rapid  Thermal  Processer  using  a 
nitrogen  ambient  a:  atmospheric  pressure.  The  dopants 
were  diffused  at  three  different  temperatures,  1000°C, 
1100°C,  and  1200°C  for  four  different  times,  3  sec,  15 
sec,  30  sec,  and  60  sec.  The  temperature  vas  ramped 
up  to  within  25°C  of  the  set  temperature  in  3  seconds 
and  on  the  cool  down  cycle  was  below  600°C  in  3 
seconds.  Sheet  resistances  of  the  diffused  samples 
were  measured  using  a  four  point  probe. 


Results  and  Discuss i o n 

Table  1  shows  the  sheet  resistance  for  the 
various  diffused  samples  using  the  above  method.  As 
the  diffusion  times  increase  the  sh*>et  resistance 
decreases.  In  the  arsenic,  and  antimony  samples,  at 
low  dopant  concentrations  per  cm' 2  (0),  where  0=Ns/51 . 
and  Ns  is  the  surface  concentration.  the  four  point 
probe  could  not  measure  the  resultant  sheet  resistance 
becase  the  resistance  is  close  to  that  of  the 
background  sample  resistance. 


Calculations  of  the  junction  depth  and  surface 
concentration  were  performed  using  a  diffusion  model 
that  is  dependent  on  each  dopant  spieces.  The 
diffusion  model  is  used  to  predict  the  concentration 
profile  based  on  concentration  dependent  diffusion 
and  surface  concentration  [3],  and  uses  a  band  gap 
narrowing  parameter  to  compenstate  for  the  degenerate 
doping  in  the  samples  [4).  The  carrier  density  as  a 
function  of  dopant  concentration  is  calculated  from 
Fermi-Dirac  equations  for  electron,  hole,  and  un¬ 
ionized  donors.  Using  the  dopant  concentration 
profile,  carrier  density  vs.  dopant  density,  and  a 
model  for  mobility  at  high  dopant  densities  [51,  the 
sheet  resistance  and  junction  depth  is  calculated.  By 
solving  the  above  models  given  an  experimental  sheet 
resistance,  the  surface  concentration  and  junction 
depths  can  be  calculated.  Table  2  gives  surface 
concentrations,  and  junction  depths  versus  sheet 
resistance. 

As  expected,  the  junction  depths  increase  as 
the  process  time  is  increased.  In  the  case  of  arsenic 
the  junction  depths  range  from  0.03um  to  0.20um.  For 
each  temperature  in  the  arsenic  sample  the  surface 
concentration  remains  fairly  constant.  However,  in 
the  1200°C  case,  there  appears  to  be  a  surface 
limiting  reaction  occuring.  As  the  diffusion  time 
increases  the  surface  concentration  also  decreases. 
This  is  probably  due  to  limited  diffusion  from  the 
doped  glass,  which  is  slower  than  the  diffusion  in 
silicon.  Boron  junction  depths  range  from  0.!?5ur  *: 
0.87um  over  the  diffusion  matrix.  Unlike  the  arsenic 
case,  all  boron  samples  exihibit  a  similar  surface 
concentration  regardless  of  diitusion  temperature. 
Antimony  diffusion  into  silicon  samples  did  not  show 
any  change  in  sneet  resistance  at  1100CC  for  15 
seconds.  Note  that  this  sample  has  a  C.02um  junction 
depth,  which  is  near  the  measuring  limits  of  the  four 
point  probe.  To  date  a  phosphorus  diffusion  model 
does  not  exist. 

Summary 

RTD  has  been  used  to  form  source 'drain  regions 
less  than  0.2um  deep.  This  has  been  achieved  by 
utilizing  rapic.  thermal  cycles  at  120C°C,  60  seconds 
for  As,  3  seconds  for  B,  and  30  seconds  for  Sb. 
Diffusions  were  done  at  l2Q0eC  to  get  minimum  sheet 
resistance  of  665  fl/sq.  for  As.  56.8  Q'sq.  for  B,  anc 
842  8/sq.  for  Sb.  Even  though  junction  depth 
calculations  were  not  performed  for  F.  sheet 
resistances  as  low  as  6  2/sq.  were  obtained  at  1200cC 
for  60  seconds. 
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Tcmj)cralurc  Time  Surface  Junction 

('  C)  (  see. )  Concentration  (  cm'3  )  Depth  { |im  ) 


Table  2.  Surface  concentration  and  junction  depth 
vs.  temperature  and  time. 
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The  Deposition  of  N-type  and  P-type  In-situ 
Doped  Polysilicon  by  LPCVD 
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Abstract 

ft. type  nml  p-type  m-silu  doped  UH’VI)  j.olysilicuti  doped  from  phos¬ 
phine  ( /*//3)  and  boron  1-rirltlnride  ( H<  'h)  gas  sources  is  rrj.ort.il.  Ue- 
sislivity  of  the  as-ileposiled  and  the  ptisl  annealed  films  is  reported  for 
deposit  ion  temperatures  from  51l)0(  '  to  000*0'  and  anneal  temperatures 
from  SOOT  to  100UT.  Our  results  show  thai  very  low  resistivities  of 
.‘inSI-cin  is  obtainable  from  I  lie  as-deposited  n-type  and  p-type  iii-silu 
doped  polysilicon  thin  film**  with  Rood  thickness  uniforiiiily  deposited 
at  tenijieTatiires  less  than  tjOtPf*.  Anomalous  changes  in  p-type  film 
resistivity  are  observed  for  films  rapped  with  l,TO  aiul  subjected  to 
subseijiu-iil  anneals. 


1  Introduction 

polysilieon  lias  been  used  in  silicon  -loi--  f‘>r  d< .  ad*  •*.  Ahhougb 
ill.  first  widespread  application  was  in  M<>S  integral. **l  circuits,  n  is 
also  being,  used  in  oilier  devices  and  is  increasingly  being  -m 

ployed  . . .  structures  within  both  MOS  and  bipolar  integrated 

cirnnis  I’olysiliioii  can  be  deposited  either  in  situ  doped  with  tie 
desired  dopant  or  undoped  with  doping  performed  in  subc-, pi-ni  pro 
ce-silig  slej.s 

In  Sit  n  doped  polysilicon  is  m-.  de, |  pari  iculaily  f.i  souu  d< m.  .  s  winch 

p-i pure  pr.-ris.'  control  of  dopant  profiles  in  the  polysib* .  structures 

|  or  .  vanii‘1.  doped  polysib.  oil  is  now  being  used  as  i«n«-  "f  lli-  .  apa. 
,i,,i  m  ib.  n.w  general  ion  of  I  III  AM  tremli  .  apacitors  [I]  1  be 

doping  ol  lb.se  lyp.  ofslnictures  often  re.HI  IT.-  y/Ut  «»'«,  iup.lt  tide  Willi 
III,-  pi  .  xe-s  |e<|llll-ll|ell!s  if  Ill-Mlu  doped  poIvsillCUl  Is  Hot  US.  d  As  I  lie 
umub,  r  of  applications  that  i.-.piir**  iii-mIu  -loped  poly  silicon  im  r.as.  . 
,•{,*, -r  mi e.:i|gnt ion  of  m  situ  doped  po|ysilic.|i  in  t.-rni-  ..f  us  d.  posi 
don  condition  and  eh-rtrical  properties  ts  rei|mred  At  pr.-s.-nt  liHl*- 
iit.-t ,,i me  exist  about  til.  eject rn  ai  and  physical  prop.ru—  ..f  ui-mi*i 
doped  poKsthion  pm  in  nhuly  f-.r  p -type  in-sitn  doped  polysili.oii 

low  n-si-tiMt)  m-sitn  . I* .p. -■  I  polysihc.ii  films  no  obtainable  il  tin 

. !•  - p* .sit i- -n  rale  is  slow  . . pm ed  to  llu-  stirfa.e  mobility  ■>!'  tb«-  dopant 

atoms  I  uder  these  conditions,  the  doj.ant  atoms.  ..nee  incorporated 
on  lit,,  gtowmg  surface,  will  hav-  eii.-ugh  ttm-  •«>  rearrange  lh,-iiis.-k.s 

the  siUcu  situclute  and  b.  . . .  rn*  ;tl  a«li\,  I..  achieve  tins 

^.,,,1.  ||  I*.  III.  >|e  applopiiat-  to  us.  a  LIT\  I)  e\  st ,  111.  wju.ll  ll-l>  |oW.| 

deposiiiou  rat*  ,  ibau  an  Al’t’Vl)  syst.-m 

In  this  pap.  r.  we  ■lemoustrate  that  low  r.-sisti\il>  f-.r  l-olli  n  type 
ami  p-type  as  deposited  poly. silicon  films  is  obtainable  null  ap|»o,pi  inti- 
dopant  gas  How  rates  Although  the  low  resistivity  of  ih<-  -vs  deposited 
p. .tysilicr.il  film  i>  ade.piale.  it  k  also  inij.ortant  for  jua.  tu  -d  aj.pbra 
dons  |..  observi  l fie  resist l\ it y  *  Iiauges  of  the  film  as  It  |S  anil,  ah-d  >.r 
>.lbj.  .  ted  to  subs,  <|l|e||l  1  ll'l  llial  cycles 


2  Experimental  Procedures 

III.-  basil  (VI)  pi  i  ii  ess  has  been  i|.-s*'l  ib.-il  ,-ai  li.-r  (:’j  *  >ni  depositions 
done  111  a  I  y Ian  U'f'VD  furnace  with  silam  and  dopant  g.is  in 
|...  1 1, ,,,  f|,„,|  the  front  ..r  tile  tub*  Nui.le.-ll  U.'lfels  Weft-  plait  -  I  III  tin 
, .Hi..,  |„,.,i  using  a  I  Mil  spacing  J.  mj.eiahiie  niiiloimily  was  m-.ui 
i., n,i. |  within  two  <|egr,-.  s  Subs.-.|uent  aun«  als  w.-r*  «'..H«hi.  ».  d  in 
vtaiidald  o\td.ii pm  Inman*  |  h«-  sheet  resistance  was  measin.d  using 
a  loin  point  pi > »l>»-  ami  converted  to  a  resistivity  value  all.  I  llii«hu»-ss 

«  »>  III,  l.-(ned  on  Jl.kl-lk  All  |.o|ys|l|.  . Ml  depositions  were  . .  oil  \\ 

vv -dels  ro\.  red  with  IIHMtAol  llfllll.il  o\nl. 
riiosplmi.  gas  (/’//  il  was  chosen  as  th*-  n  up-  dopant  gas  --m..- 
I  wo  i  y  p.-s  .1  dopant  gas  vv.-r.-  mil  lally  » oiim<|.  ml  .»  tli*  p  H |>.-  d>-p.tu( 
o-nr.-e  .lib*  trail*  t  /Mb. I  and  I...1..11  tiicliloiid-  i /#*  7.,i  S.m-  huh- 

is  known  tli.ail  lli.-us.  >.f  l.on.ii  . . I.  as  a  dopant  - .iih ••  ;,n*l  il^-. 

s,d.  iy  . id.  rat . .  /ft  7,  was  >  Imc..  u  as  l  Ip  plvp-  dopant  soil i- • 

\ll  >1'  |-os|1  |o||S  w.  le  d"l|>  Willi  a  ...Uslai.l  silane  Mow  I.U<  of  Nil  s.  <  III 
|.  I  „  Up.  polysili.oii  1  :,7i  /*//«  dibit. d  in  silaii*  with  a  Ih-w  iati.,.,1 
I’HJ  'iH,  7*  III  1  w  IS  used  |.ij  p  lyp.  po|y>ihc.»n  /((  /.,  wiifi 
,  . . 1  lit  /,/M//,  ’l  *  1"  ■’  was  „sed  N  type  .1.  posit . - 


3  Results  and  Discussion 

The  thickness  of  both  tyj.es  pr.lysilicoii  films  wer.-  ui.-asured  ai  «hlf>  ien‘ 
point s  on  each  wafer  and  for  dilf-r.-iit  wafer  putitmug  in  ill-  de|.osition 
rr.gir.il  of  III.-  lube  Th*-  waf.-r  lo  wafer  ilucki.-ss  iiiiifuriiiiiy  was  within 
r»9f.  while  the  thickness  uniformity  across  a  single  wafer  was  better  i  b»u 
1%  The  film  thickness  difference,  from  wafer  to  wafer  in  rhe*an..  run. 
indicates  that  tlu-re  is  some  d.-pl,-liou  "f  the  reactant  s<mr«.-  along  th- 
deposition  zone  This  is  due  (o  the  fad  that  our  system  was  not  opti¬ 
mized  to  Iiilllllllize  the  ‘leji|e1  loll  <-|  lea.  l.illl  down  1  ll**  >|ej>« |.*H  Z"U' 
sill'.-  iiniform  temperature  »‘a>  used  I  he  wafir  to  wafer  untforiniiv 
ran  easily  I,*-  improved  by  imposing  a  1,-inp.-ial ill*-  gradient  arr»*.  the 
deposit  ion  region 

l  igure  l  shows  the  deposition  rai.-  vrsiis  the  uivrse  of  lh«-  *!•  jm*«i 
i  ion  ieiH|>,-ral me  Tb«-  »-xi racl.-d  depmitinn  activation  energy  f'*r  p  ’>  P" 
polysili.oii  film  IS  0  -I lev.  and  th*  deposition  activation  r-n-  rgy  To,  tlr- 

I,  type  film  IS  1.13  ev  l  Im-*-*  val't-s  are  r|t*e  t«.  valu.-s  . . I 

III  Situ  ,|ep.isited  films  111  au  Ai'CNii  svO.iu  phi]  1  b-s.-  a.tivaiiMi 
eil.-lgli-S  should  be  Ilsetl  Willi  f;i||t|..||.  llloilgll  h>  calls,  tin-  data  shows 
variations  m  resist  ml)  of  tli-  a.- -I*  posit.-d  films  with  -I- p'jsitioii  ttm 
j.eratur.-  indicalmg  j*ossib|e  dilb  retic-s  ui  tin-  -I- -pant  conc.-ulraii..n  in 
i  fie  fill  I  IS  at  ditlereiil  i|e|i<«ii>i«ui  l.-inpeiatiires 

f  igures  2  and  -I  show-  the  m«  aMir.  -l  r-sistiv Hi-s  <-f  >lf  p  type  and  n 
lype  films  a*- deposited  l  lt«-  fesisl  IX  il  v  of  as  >\‘  p.Mi-d  film  r..|  both  film 
t  v  p, ■>  increases  as  th,-  «l«-p..sii  i< -n  l,-ui|..-i*ai  nr*-  ind.-ases  I  he  i.-sm  iv  it\ 
of  these  films  depends  on  t||e  micr-tsl  met  lire.  ill.  cniic-ut  rat  ton  *.1  ih- 
j, dive  dopant,  and  lh>-  coiiceii!niniii  <•(  th*  total  dopant  l<  is  tin  r>  t  t- 

ddfinili  1 1 >  <ay  which  charact. nst  n  of  lh>-  Itlm  I-  . . am  >  au>.  f*>i  th 

resist  IV  11  V  change  with  lelllperatllle  |)esf»|te  <|ep<e-|l  l.'ll  l.-mpct.llul. - 
below  t lie  normal  amorphous  i«»  p..U-  ryMaVUiw  nanspi.-n,  i\  is  *»nbk-\. 
that  the  a>-.|.(.oMled  film  IS  I  •Illipl*  tely  .1111- a  pilous  \|i.|.-.-l.|  ft-'tli 
v.iin-  data  taken  using  a  rapid  t|i*Tiual  aiuu-der.  u-.t  shown  In  r-  'h* 

resistivity  does  not  show  any  <iidd.-li  drojts  afi.  r  short  high  1  •  . . . 

ini.-  anneals  I  ln<  would  s.-.-m  I . .  dial  lie-  :,s.i|t-pMMl«-.l  lilm 

IllO'lly  p.'lv.  l  V'l.tibie  -Hid  that  ill* -I  of  ill-  'h-J-tul  0--M1-  to  1, 

.  |.-  III.  ill  active 

. . .  iv  it  \  Iiud-  l  dill . .  aim. . ding  I.  nip*  i  It  III.  IN  sf,--v.  n  i  . 

l|„- warn.  Iignr.-s  Noi.-  ilrittli.  n  i>  p-  lilm>  vv . . . .  -I  w »* li- -<n  • 

c.ippiuc  o\|.|.  .  w!,il>  tie  p  IVJ..  lihns  WM.  .mii-.d-d  with  lay-  :  -U  l" 

•  apjuiig  oxide  foi  u  t y  p-  films,  t  In-  r*  *-iNi  iv  it  y  -!•  •  i  •  ,n-n  m.-uot- -m-  db 
a>  l  le-  aim. -a ling  t.  mj»,-i  ai  ur<-  m>  ie.iv*  1  hi*-  unph.-N  ih.ti  i«  <  iy  o  -ilh/  i 
l  ion  is  lie-  doiuin  nit  pi-  -*  *  n>  hi  t<-| iniiniig  th*  •  b  ■  • » d  |,l-‘‘l,‘  1  * **  "  1,1 

st.-.id  ..f  dopant  s>  gi> -gat . . .  .  I*1  * h<  "\i>l.  -md  -nil gas-iug 

|,i  . . . .  'll*  aiiomiloiiN  b.liavi-.i  of  |  up-  tllius  aft- 1  . .  *•>-'» 

■  at.  s  a  |  |..,si  oii.-oltli.  ab<  .s>  nv  •  li.iii'iti**  i- -e  Hv  -Hid  I'f  '  til- '  'b- 

r , i y si allixat i- -n  .  il-  - 1  . . -  «h<  r.-sistiv n y  *4  th-  p  '  v  p*  blm- 

,|.  p.-iid-.  up.  -n  ii. <1  .  >uly  tie  aiiu-'.iliitg  t.  mp*  i  ai  ui*-  l"il  -  «,|i  i  Ii-  'bp'* 
sm- >n  t.  nip.  rat  in-  \'  l-»w  h  j-cii , -n  ».  mp- 1  ttm- s  Mo'  and  No*  t 
i  (i« -  resist IX  II  y  increases  m. >n« .ton i-'. ally  with  tie-  inn-  alint  t.  ni|“  i  •>*  nl* 

1  Ins  s-.iits  . . .  ih.it  tie  i-dii«ti*-n  "I  »lf  r«vi«iiviiy  I  th-  Idm 

i  h rough  re*  i ystalli/at  i  -n  i'  <  by  *■«  le  i  in-  ■  1 1  riJf'l^iti-  lb  v.-t  I  t  ile 
p  lyp.  samples  .  es,t |  at  Ingh-r  l.-uip*  r  it  ut-s  tfi.  i, .  rysi.,l|i/.ttioi, 

■  ll.  it  li.-gllls  lo  dolllllMt.  at  high1  I  ai .  illllg  1.  illp-  |  |I  in-v 


4  Conclusion 

III  tills  pap.l  we  s|,.  IW  lint  l.-w  I .  s|s|  i  v  i>  y  Is  d-  posit- -I  lit  -ll'l  if 
p..|vN|l„  0)1  lillH**  of  <  Ill  I'  ■  .fit  il|i  d '  \  -  Via  IP  M'  V 

.ii.tgl-sofn  il*v  and  I  id  <  v  »- i.  i.e  .-m.-d  In  tit.  p  'M-  *n  !  i.  -  -  i- 

lllllts  However.  Its  Hi.-utii.ti.  -i  iti.  s.  t  ,hi - b  -ni  i  b.  ,|s.-.\  with  .on  t-  n 

sill'  ••  I  lie  |.s|sf|Vlty  IN  s|,.  .|,||  (.,  J.»  |  but'  'toll  o|  .|>  I  -  -ol  l-tl  1.  III;-.  I  It'll- 

\\.  tls.i  pt-s.  Ill  -|  Ii.t --It  III.  i-  S|  .1 IV  Itv  -.1  lb*  p--t  inijf-d.  '  'illi.i-  \  - 

resist  l«  |.y  o|  tie  J.osl  lilt.-  -||. -i  llbi.  HI  I'  I-  f- 11  I  *1  «  le  lie  !  --I  n  it',- 
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Deposition  Rata  (  A/mln) 


til  in*  was  nil  h  a  rappmK  oxide  during  I  hr  anneal  For  I  lie  I  Ik-  p 

I  v | »»•  film  alp •maloii>  changes  in  film  resistivities  wen*  observed  with  the 
anneals.  1 1 1 1»  rails*  for  ftnllr-i  examination  All  alttm-  mentioned  ef  Leris 
art-  important  il  in  situ  doped  polysilicoti  ts  to  he  used  in  mainline  devirr 
f.ilun  al ion  1  mlli'-r  r>-Mills  of  subsequent  experiments  will  lit-  presented 
a  I  <li  e  nift  linn 
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Annealing  Temperature  and  Time 


Figure  2  Resistivity  \s  Deposition  I ■  nip  and  \un«al  l-mp 
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Transient  heating  with  incoherent  radiation  from  arc 
lamps  or  tungsten-halogen  lamps  has  been  used  increasingly 
in  semiconductor  processing.  The  advantages  of  this 
technique  include  its  capability  of  achieving  efficient 
annealing  in  a  very  short  time,  and  precisely  controlled 
heating  ramping  rate  and  dwell  time.  One  of  the  important 
applications  for  the  transient  heating  is  the  annealing  of 
silicon  IC  wafers.  The  transient  heating  process,  which  lasts 
more  than  10"2  sec,  is  normally  referred  to  as  a  "rapid 
isothermal  process"  [I].  A  commonly  accepted  name  for 
this  technology  is  rapid  thermal  processing  (RTP).  The 
cooling  of  the  wafer  after  the  processing  is  accomplished 
essentially  by  radiation.  In  the  standard  modeling  of  this 
rapid  heating  process,  the  temperature  gradient  across  the 
wafer  thickness  is  usually  neglected  [2]. 

In  this  paper,  we  will  report  the  result  of  a  study  on 
the  temperature  gradient  distribution  for  the  isothermal 
mode  rapid  heating  process.  The  analytical  modeling  was 
first  formulated  for  the  temperature  distribution  within  the 
wafer,  taking  into  consideration  the  temperature-dependent 
thermophysical  properties  and  the  temperature  and 
wavelength-dependent  optical  properties  [3].  The  actual 
spectra  of  two  radiation  sources  —  arc  lamps  and  tungsten- 
halogen  lamps  were  used  in  the  simulation  of  the  heating 
process.  It  was  found  that  the  temperature  gradient  across 
the  wafer  thickness  is  very  much  dependent  on  the  ramping 
rate  and  the  peak  temperature.  It  is  also  a  function  of 
position  along  the  thickness  of  the  wafer.  At  a  ramping  rate 
of  600  °C/sec,  for  example,  the  temperature  difference 
across  the  wafer  thickness  is  on  the  order  of  10  °C  or  more. 
As  a  result  of  the  temperature-dependent  optical  properties, 
a  highly  non-linear  temperature  distribution  exists  near  the 
wafer  surface.  The  temperature  gradient  is  therefore  quite 
large  in  the  surface  region  where  most  of  the  thermal 
activation  processes  such  as  damage  annealing,  dopant 
redistribution  and  activation,  and  solid  phase  epitaxial 
growth  take  place.  As  the  dwell  time  in  rapid  thermal 
heating  approaches  the  sub-second  region  for  future  VLSI 
processing,  the  temperature  gradient  will  certainly  be  an 
important  factor  to  be  considered.  We  will  report  the 
results  of  the  temperature  gradient  study  for  two  types  of 
light  sources,  and  for  various  rapid  thermal  heating 
parameters,  such  as  the  ramping  rate  and  dwell  time. 

Because  of  the  temperature  gradient  across  the  wafer 
thickness,  there  exists  a  thermal  stress  along  the  same 
direction  (z-direction).  The  temperature  distribution  results 
obtained  from  the  above  discussed  simulation  are  applied  to 
calculate  the  thermal  stress  inside  the  wafer,  assuming  the 
so-called  "free  plate"  condition.  The  only  non-zero  stress 


components  are  along  directions  which  are  parallel  to  the 
surface  of  the  wafer  [4  1.  These  components  are  functions 
of  z  and  time.  In  our  presentation,  the  thermal  stress 
induced  in  the  wafer  will  be  compared  to  the  yield  stress  of 
the  silicon  material.  The  possibility  of  defect  generation  in 
the  RTP  will  also  be  addressed. 
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1 .  I ntroduct ion 

To  achieve  high  yield  in  Si  ULSI 
devices,  contamination  gettering  technology 
is  becoming  more  important  accompanied  by 
clean  process  technology.  Intrinsic  getter¬ 
ing  (1G>  and  back  surface  extrinsic  gettering 
(EG)  by  ion  damage  and  by  phosphorous  diffu¬ 
sion  are  well  known  as  contamination  getter¬ 
ing.  High  dose  ion  implanted  layers  on  ac¬ 
tive  surfaces  such  as  source/drain  regions  of 
MOS  transistors  may  also  play  a  role  of  get¬ 
tering  sites.  The  gettering  effects  of  such 
ion  implanted  layers  (phosphorous (P)  and 
arsenic(As))  have  been  investigated  in  an 
ion  damage  gettering  experiment  using  Rather- 
ford  Back  Scattering  (RBS),  and  it  concluded 
that  such  layers  trapped  contaminations  but 
it  was  less  effective  than  argon(Ar)  implan¬ 
tation  or  P  d  i  f  fus  ion*." 

In  this  paper,  by  measuring  the  electri¬ 
cal  characteristics  of  n+p  junctions,  we  will 
electrically  clarify  the  gettering  efficiency 
of  high  dose  P  and  As  ion  implanted  layers  in 
actual  devices,  and  the  dose  dependency.  We 
will  also  discuss  the  model  of  electrical 
characteristic  degradation  by  contamination. 

2.  Experimental  Procedure 

Wafers  were  10  ohm-cm  CZ  <100)4*  off 
oriented  p-type  Si,  supplied  from  two  dif¬ 
ferent  vendors.  The  oxygen  concentration  of 
wafers  kept  low  ( [Oi 3 = 1 6ppma , JEI DA )  enough  to 
avoid  oxygen  precipitation.  Only  for  com¬ 
parison,  1G  wafers  which  had  higher  oxygen 
concentration  (C0i]  =  20rp'«*i  .11“’'  *  '  spe¬ 
cial  preheat  treatment  were  u&ea. 

The  samples  were  fabricated  by  our 
simplified  CMOS  process.  The  n  +  layers  were 
formed  by  implantation  of  As  ions  (120KeV) 
and  P  ions  (60KeV)  on  p-type  substrate.  The 
doses  were  ranging  from  2x10*  cm1  to  5x10**  cm* 
The  implant  damage  was  recovered  by  the  fol¬ 
lowing  N*  annealing  at  1000*C.  In  this  study 
an  Extr i on/Var i an  DF-5  implanter  was  used  for 
implantation.  Intentional  metal  impurities 
were  not  introduced  for  checking  the  getter¬ 
ing  e  f  f i c i ency . 

The  leakage  currents  of  n4  p  junctions 
were  measured  to  determine  the  gettering  ef¬ 
ficiency  of  ion  implanted  n  +  layers.  Deep 
level  transient  spectroscopy  (DLTS)  was  used 
to  detect  the  contamination  element. 

3 .  Results  and  Discussion 

Leakage  currents  of  reverse  biased  n+p 
junctions  are  shown  in  Fig.l  as  a  function  of 
n  +  (As  and  P)  dose.  In  the  case  of  As,  huge 
currents  flow  across  the  junctions  in  lower 
dose  region  (<5x10*  cm*2-  ),  and  low  leakage 
current  is  obtained  by  a  dose  at  SxlC^cni2  At 
2x1 0* cm* dose ,  the  average  current  stays  low, 
but  some  of  the  junctions  show  huge  cur¬ 
rents.  Similar  dose  dependence  is  shown  in 
the  case  of  P,  but  the  current  levels  are 
lower  compared  to  As  in  lower  dose  regions. 
This  anomalous  leakage  current  phenomenon  is 
quite  reproducible  in  fabrication  lots  and  in 


different  vendor’s  wafers. 

The  leakage  current  of  As  n+p  junctions 
formed  on  IG  wafers  is  also  shown  in  the 
figure  at  a  dose  of  2  x  1  (A  cm*  It  does  not 
show  anomalous  leakage,  and  the  IG  wafer  is 
thought  to  have  strong  contamination  getter¬ 
ing  effect.  Therefore.it  can  be  concluded 
that  this  anomalous  leakage  phenomenon  in 
lower  n+  dose  regions  is  caused  by  some  kind 
of  contamination  near  the  junction,  and  that 
the  gettering  efficiency  of  a  higher  n+  dose 
layer  is  as  strong  as  that  of  an  IG  wafer. 

It  is  thought  that  in  a  higher  dose  n+ 
layer  a  lattice  defect  such  as  a  dislocation 
loop  works  as  a  gettering  sink.  In  lower 
dose  P  implanted  layer, ion  pairing  gettering^ 
may  be  operative. 

Fig. 2  shows  the  leakage  current  charac¬ 
teristics  of  lower  n+  dose  junctions  formed 
by  As  implantaion  of  2xl0*cmi  both  on  wafers 
with  and  without  IG.  The  junction  on  a  IG 
wafer  (D)  shows  a  normal  hard  breakdown 
characteristic.  On  the  other  hand,  all  junc¬ 
tions  without  IG  ( A , B, C)  indicate  soft  break¬ 
down  characteristics.  Since  these  charac¬ 
teristics  are  almost  independent  of  tempera¬ 
tures  ranging  from  90K  to  400K,  these  abnor¬ 
mal  characteristics  are  not  due  to 
generation-recombination  centers  which  are 
formed  by  uniformly  distributed  contamina¬ 
tion  but  to  prec i pi  tates 

The  anomalous  leakage  current  is  not 
proportional  to  the  junction  area,  but  to  the 
length  of  the  junction  perimeter  (Fig. 3). 
It  suggests  that  the  contamination 
precipitates  predominantly  along  the  junction 
edge, that  is  field  oxide  edge. 

To  determine  the  contamination  element, 
DLTS  measurements  were  done  on  the  same 
samples  used  in  Fig. 3.  The  DLTS  spectra  are 
shown  in  Fig. 4.  The  spectrum  of  sample  D 
shows  no  observable  deep  levels.  A  hole  trap 
level  at  Ev+0.44eV  is  exhibited  in  the 
spectrum  of  sample  B.  This  trap  density  is 
fairly  low  (  lxlC^crrf3)  after  several  tens  of 
day  at  room  temperature,  and  by  in¬ 

jecting  minority  carriers  (5CmA,  lmin,  at 
R.T.)  it  rapidly  increases  to  about  lxlO^cm! 
This  behavior  is  known  as  the  dissociation  of 
interstitial  i  r o n - s u b s t  i  t u t i o n a  1  boron 
pair(Fei.B).  It  can  be  concluded  that  the 
anomalous  leakage  current  is  due  to  Fe 
precipitates  along  the  field  oxide  edge. 

4.  Conclusion 

We  have  demonstrated  that  high  dose 
ion(P,As)  implanted  n+layers  getter  Fe 
con  t  ami  na  t  i  on  ( an  order  of  lO^cm"*)  as  effec¬ 
tive  as  IG.  The  minimum  doses  for  n+  layer 
gettering  are  2x10*0^*  for  P  and  5xlC^cm'2  for 
A 8  in  this  study. 

The  lower  dose  n+p  junction  shows 
anomalous  leakage  phenomenon.  It  is  at¬ 
tributed  to  F~  p r ec i p i  t a t es  ,  wh i ch  are  prob¬ 
ably  localized  along  the  field  oxide  edge. 
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Fig.1  Leakage  current  as  a  function  of  dose  for  P  and  As. 
X:P(without  IG),  0:As(without  IG>.  l:As(with  IG>. 


Fig.3  Leakage  current  of  lower  dose  (As.2  ■  10U  cr 
n  p  junction  as  a  function  of  perimeter  lent 


Fig.2  Leakage  current  characteristics  of  lower  doseiAs. 
2-  10l4cm2)n  p  junction.A.B.Ciwithout  IG,D:with  IG. 


Trap  Concentration  Nt=i  •  1 0  cm  * 
T-ap  Level  Et-Ev  •  0  44  ev 


Fig.4  DLTS  spectra  of  sample  8  indicated  in  fig  2 
minority  earner  injection  (50mA.1mm.at  R.T  ) 
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INTRINSIC  GKTTKR 1 NG  FOR  CMOS  PROCESS 
USING  LOW- | Oi |  WAFERS 
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aiiKl  llidcki  Tsuyn 

VLSI  Uc?vc  I  opmcnt  Division.  NEC  Corporation. 

1120,  Khimoku/awa.  Sugami  tiara.  229,  Japan 

I  N  IRODUCT  I  ON 

Getter ing  t.eehnology  is  now  oik;  of  tlx*  key  processes  of 
'in'  high-yield  production  of  the  VLSI  devices.  As  one  of  the 
method  to  capture  tin*  contaminants,  intrinsic  getter ing  (  IG  ) 
is  very  efficient.  Hut  Hi.  which  is  general  ly  carried  out  for 
higlx*r  oxygen  concentration  wafer,  is  tin;  comp]  icuted  control 
Irdiniiiuc  of  the  oxygen  pr*.*ei pi tu ion  of  wafers  in  Uio  device 
fatirication  pr«x*ess.  Ity  adopting  tlx;  proper  IG  annealings, 
even  the  low  oxygen  conccnlra lot.  C7.  silicon  wufers  liavo  tin? 
(hjsk  i  hi  I  i  ty  of  llie  siirrieient  precipitation  for  get.toring 
in  t.tie  CMOS  process.  Tlx*  wafers  are  also  expected  to  have  the 
merit.  in  the  control  of  bulk  microdofeot s  and  the  good  denuded 
/one  fabrication  because  of  tlieir  rattier  slow  preelpl  tat  ion 
kinetics.  Tlie  uniformity  of  the  precipitation  may  be  better 
tluiii  t.tial  of  tlM!  higlier  oxygen  concentration  wafers. 

In  this  work.  two  types  of  IG  annealing  sequences  huve 
b**cn  developed.  On**  is  MIG  (  High-  i.ow-  High  temperature 
annealing)  with  tlx*  low- temperature  nnncul ing  consisted  or 
multi-step  sub-sequences. (I)  The  oUier  is  RIG  (  High-  Low 
temperature  annealing)  with  ramping  sequences. 

KAI’KR  l MENTAL  PROCEDURE 

lh*>  sampli*s  prepared  for  this  exjierlmenl  were  5- inch 
pltosplK>rus-do|xxJ  <S 1 1 »  C7,  silicon  wafers.  The  as-grown  oxygen 
concentration  was  II  ~  I2xlt)17  a  toms  Ate.  evaluated  wit.h  the  old 
AS  I M  conversion  factor  <4  HlxIO17). 

The  IG  annealing  K**qnoiieos  an*  shown  in  fig.  I. 

Commonly  in  MIG  mid  RIG.  tin*  Initial  hi gh-t<?m|x?ralure 
1200  1C-  3H  annealing  in  the  nitrogen  ambient  (a -anneal: 

denominated  by  authors)  was  adopted  for  tile  purpose  of  the 
annihilation  of  grown-in  nuclei  of  precipitation  and  for  the 
purpose  of  the  denuded  zone  formation  by  out-diffusion  of 
interstitial  oxygen.  As  tlie  low-tcmporuture  nueleation 
aniKviling.  th»*  series  of  SZC)  C .  H20  C  and  720  C  annealing 
in  dry  oxygen  were  carried  out  for  MIG,  and  tlie  550  TC  to  850 
t;  ramping  annealing  in  dry  oxygen  for  RIG.  Specially  for  MIG, 
Ok*  final  high-temperuture  precipitaion  annealing  <  u»  - 
anneal  also  denominated  by  nutliors)  was  adopted  for  tint  more 
rigid  control  of  oxygen  precipitation  in  tlie  CMOS  process. 

After  the  ubove  mentioned  IG  pre-anneal  Ing.  the  samples 
were  submitted  to  thermnl  CMOS-process  si  mu  I  at.  ions,  consisted 
of  four-stage  annealing  procedures  and  were  also  supplied  to 
tin-  CMOS  fKG  fabrication  for  the  purpose*  of  the  evaluation  of 
get  ter ing  abi I i Ly. 

ITic  samples  were  examined  in  oxygen  concentration  by  a 
conventional  KTIR  sjieolromrt.or.  After  tlie  treatments  of 

cleaving  and  .staining  in  tlx*  Wright  etch  for  3  minutes.  Mx? 
hulk  mic’r<xj«'f«*rts  arid  Mk?  denuded  /one  of  t.lie  oross-s«?ct.  Ion 
wore  i  risp**e1.<?d  by  tlx;  optical  microscope  at.  x40<)  mugii i  f  lent  ion. 
lor  Mm*  furtlKtr  i  lisp**:  Lions.  tlx?  m i croscop I e  KTIR  oxygen 
eoneentration  mapping-measurement  systems  and  the  4f)0kV 
transmission  <*l«*etron  m icroncopc  w»*re  used. 

RESULTS  AND  DISCUSSION 

I'tmto.  I  allows  Ms?  two  cross-sect  Iona  I  views  of  bulk 
mierixlcfrets  of  MiG  wafers  wi  Mi  tl»?  dlffer«*nt  u> -miixui  I  I  ngs 
followtvl  l>y  Mk?  CMUS-prixiess  simulations.  The  MIG  wafer  witli 
o>  i  -aniK-aling  <11401:-  211  in  N,  )  has  the  hulk  m  t  erode  fee  ts 
of  2xl()r'  /  ero*  and  Mk*  definite  denuded  zone  of  40  pm  In  width, 
lint  Mk*  MIC  wafer  wit.h  «i  ,  -annealing  <  lOOO'C  -  Ifitl  in  dry  Oa  ) 
has  tin*  |K¥ir  deniKleii  /.oik*  width  before  Mk*  simulat  ion,  fxit.h 
wafers  had  t  Ik*  definite  denuded  /oik*.  In  clarify  Mk*  si I. unt  ions. 
Mk*  value  of  oxygen  concentration  was  ■w?iisurisl  in  *?acfi  step  of 
t  he  lK?at  treatment. 

Fig.  2  stiows  t.jK*  oxygen  eoneentration  rediM?t.lon  of  t.ltese 
waf  <*rs  through  Mk*  MIG  annealing  H**qtx*iK*eH  and  the 


simulation.  In  t.lie  MIG  wafers  witli  oi  j  -  anneal  ing, ’.he  oxygen 
oMK'eul.rat. ion  mcrivisn!  to  a  j**iik  after  R-well  fabrication 
pnxiess.  wtii eh  is  mr  or  tlx:  (ugliest  temperature.  It  was 
supposed  t.liat  Mk*  pr*x:ipi  Latcs  dissolved  back  into  interstitial 
oxygen  in  the  wafer.  In  the  following  process,  the  oxygon 
eoneentration  decreased  again.  Tlx?  precipitation  occured  again 
aixl  gave  tlx;  severe  damage  to  the  denuded  /one  boundary. 

Uit  tlx*  contrary,  the  MIG  wafer  with  <u  i  -  annealing  has 
t  he:  wc  1 1 -control  led  precipitation  und  denuded  /one  By  the  TKM 
observation.  Mk*  various  kinds  of  m i crodof ects  were  found: 
t  Ik  -  l.i;tralx*droii-slKi|X'd  pr**ci  pi  bates  of  about  50  tun  diameter, 
i  lie  larger  preeipi  bates  with  the  surrounding  punch-out 
oistoca lions  and  tlie  stacking-fault  type  mi erode foots 

Pilot*?.  2  shows  the  cross-sect  i  ona  I  view  of  RIG  wufer  after 
the  simulation.  The  definite  denuded  /one  was  also  formed.  In 
the  one-third  of  total  annealing  tim**  oi  MIG  annealing.  RJG 
wafers  acquired  t.lx;  sufficient  bulk  mierodef*?cLs  of  |.5xl0* 
err'  .  nearly  same  as  mix;)i  as  those  of  MIG  wafers. 

Fig. 3  shows  the  oxygen  concentration  reduction  or  RIG 
wafers.  ITx?  final  redix'tlon  va  I  ue  was  3 .  2x  I  0‘  7  atoms/ec  By 
t.lx;  Wright  etching  or  by  the  TKM  observation.  RIG  wafers  were 
sixiwn  to  Iwive  t.tie  large  ratio  of  staekmg-faul  ts  in  the  bulk 
roior«xJofoots. 

To  evalu.it*-  t.lx*  get  ter  mg  ability,  the  leakage  fails  mi 
tlx*  CMOS  IKG  circuits  were  surveyed  over  tlx.*  MIG  wafers,  tlx? 

RIG  wafers  and  the  referenct?  wafers  which  were  of  higher 
oxygon  concentration  and  were  not.  IG  prc-iinnea led. 

Tlx*  results  are  shown  in  Fig. 4  The  IG-anneo Jed  wafers. 

MIG  or  RIG,  have  achieved  tlx?  lower  averaged  value  of  fails  and 
also  Mk*  narrower  scattering  than  the  reference  wufers.  It  is 
due  to  tlx;  effective  getter ing  of  contaminants  in  the  CMOS 
vr\x-»*SR  and  also  *bx*  to  t.lx;  good  uniformity  of  precipitation 
Tlie  local  f l oetu.il ion  of  interst.i Lial  oxygen  was  typically 
found  ill  the  range  of  lxlO17  utoms/cc  with  the  ET1K 
mappi  ng-measiiremr  nt  of  Mh*  250  pm-d  iameter  spot.  That  vulue 
was  much  smaller  than  t.hat.  of  imddU*  or  high  oxygen 
eoneent  ral  iuii  waf**r. 

I  he  RIG  am  voting  is  atlraetiv**  for  its  short.cr  total 
IG-  .inrx'aling  time  in  practical  use  .but  the  acceleration 
mechanism  still  remains  unknown.  For  furth*:r  investigations  of 
Mx*  nix?  I  eat  ion  kinetics  of  RIG.  the  modulated  1611  ramping 
methods  wore  adopt.ixl  in  plat:**  of  the  constant-rate  25tf  ramping 
Tlx*  sequences  art;  shown  in  Eig  5 

Photo.  3  sIk>ws  tlx;  cross-sectional  views  of  tlx*  rxxhi lut <*d 
ramping  annealed  wafers.  The  wafer  of  higher -temperature 
wi-ight.***l  rumping  (07  -0.2  ‘C^min.  >  has  almost  tlx*  s/u*»* 

density  of  micr(xl<:f<x;Ls  as  the  constant -rote  ramping  wufer 
(photo.  2  ).  Hut.  Mx*  wafer  of  lower- tempera l.urc  weighted 

ramping  <0  2-  0.7  t  /nin.  t  has  much  lower  density  of 

nuerodefeots.  Those  results  suggest  tlx*  effective  temperature 
r«*gion  for  micr*xli.-r**et  formation  in  RIG  700  ~750  t!  The  8M> 
C  isothermal ly  ■•liix'ulod  wafer  Ixis  f«*w  effect  ive  mier*x1ef****t s. 

CONCLUSIONS 

lw*>  tyj>es  «if  IG  pre-unnen  I  i  ng  were  investigated  and  the 
precipitation  was  traced  through  tlx?  thermal  CM0S-pr*x*ess 
simulations.  Also  Mh;  gct.lcnng  ability  was  examiiM*d  with  i  tie 
CMOS  TEG  circuits.  Dm*  both  1C  wafers  achicvi-d  tlx*  lower 
averaged  valix?  and  Mx*  narrower  scattering  of  leakage  fails 
dm*  to  Mm*  tin  i  form  aixl  stiff  it-iein  precipitation  Oih*  whs  the 
MIG  anixrai  ing  (  High-  Low-  High  temperature!  Ihe 
preeipi  lal  Kill  and  tlx;  denixl«*<l  /.«ux*  fabrication  highly  dcjion.W 
on  Mk*  final  hi  gh- 1  (rmjx'ra  lure  aiim-aling  In  this  exper  i  m**nl . 
tlie  I  140\:  -  211  HiiiH’fl  I  i  ng  in  N^  ambient,  gave  the  gixxl  results 
in  tlx*  control  of  the  hulk  mierodrfect  s  through  tin* 
simulations  Tlx*  hulk  mi  erode  fee.ts  of  MIG  wafers  were  well 

rt*cogn  i  /I'll  in  l.crms  of  precipitation  and  solubility  in  silicon 
On  Mx*  other  hand,  I  lie  RIG  annealing  (  High-  I.ow  t  enperat  lire) 
credit*  **l  tlx*  sufficient  mier«xlef**et.s.  mostly  of  stacking 

faults,  . . .  the  one- third  of  total  annealing  lime  of  MIG 

this  lie****  I  era  ted  iuii*  lent  ion  kiix-ties  of  RIG  were  also 
invest  Ignit'd  with  t  Ih*  mrxtu  I  .-it  int  ran|*ing  met  h*xls.  and  t  tie 
of  feeli  ve  temjMr.il  ure  r«*gion  was  elnrifietl 
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Fig.  1  The  IG  pre-annealing  sequences 
investigated  in  this  work. (  MIG 
with  different,  <o  -annealing  and 
RIG  ) 


«400  80pm 

Photo.  1  The  cross-sect i ana  I  views  of 
the  MIG  wafers  after  3  min. 
Wright  etching. 


Fig.  2  Oxygen  concentration  reduction 
in  MIG  annealing  and  the  CMOS- 
process  simulations.  (  biased 
with  each  initial  concentration: 
11  ~  12x10' 7  atoms/oo  ) 


•0  pm 


■  400 


Photo.  2  The  cross-sectional  view  of 
tint  RIG  wafer  with  the  0.2 
C  /n in.  ramping. 


Fig. 3  Oxygen  concentration  reduction 
in  RIG  annealing  and  the  CMOS- 
simulations.  (  biased  as  Fig. 2  ) 


Kig.  4  The  leakage  fails  of  the  CMOS 
THG's  on  the  gettering  wafers 
|  MIC,  RIG  ]  and  the  references. 
(  normalized  to  the  average  of 
total  fails  on  each  reference 
wafer  ) 


Fig.  5  The  modulated  ramping  sequences 
adopted  for  the  investigation  of 
nuclcation  kinetics  in  RIG. 
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Photo.  3 
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The  cross -sect i ona I  views  of 
the  RIG  wafers  with  the 
modulated  ramping  as  shown 
in  F  i  g  f> 
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In  the  past  several  years,  a  great  number  of 
research  works  have  been  published  on  the  rapid  thermal 
processing  (RTP)  of  semiconductors.  The  technology 
of  RTP  has  reached  its  mature  stage.  Thermal  analyses 
of  transient  heating  processes  have  been  the  subject 
of  interest  for  some  time  now.  The  analyses  for  Simple 
Si  wafers  under  various  transient  heating  conditions, 
such  as  adiabatic,  conductive  and  isothermal  modes, 
have  been  carried  out  [1,2,3].  However,  these  analyses 
are  not  always  applicable  to  the  actual  manufacturing 
conditions.  A  common  example  is  the  annealing  of  a 
multilayer  structure  such  as  Si02  on  Si,  or  a  heat 
treatment  of  some  metal-insulator-semiconductor 
structure  [4],  A  specially  formulated  thermal  analysis 
for  the  insulator-semiconductor  structure  under  RTP  is 
clearly  needed. 

In  this  study,  a  thermal  analysis  on  the  RTP  of 
the  Si02  on  Si  structure  is  performed.  The  effect  of 
the  oxide  thickness  is  investigated.  The  analytical 
modeling  is  first  formulated  to  calculate  the  tempera¬ 
ture  at  the  Si02'Si  interface  layer.  Since  the  inter¬ 
action  of  a  light  pulse  with  a  sample  material  is  very 
much  dependent  on  the  optical  and  thermal  properties 
of  the  material,  the  non-linear  changes  in  these 
properties  have  made  the  analysis  more  complex.  We 
have  assumed  that  the  oxide  layer  is  pure,  amorphous 
Si02  without  any  water  contamination  or  OH  absorption, 
although  in  actuality,  some  deviation  may  exist, 
affecting  the  optical  properties  of  the  film  [5], 

The  temperature  at  the  Si02-Si  interface  under 
different  light  sources  and  various  RTP  conditions  is 
studied.  A  comparison  between  this  interface  tempera¬ 
ture  and  the  Si02  surface  temperature  will  be  presen¬ 
ted  for  the  different  thicknesses  of  Si02. 

In  the  second  part  of  this  paper,  we  will  simulate 
the  rapid  heating  process  in  the  Si02  on  GaAs  structure. 
Because  of  the  strong  tendency  of  decomposition  for 
capless  GaAs  under  high  temperature  conditions,  the  RTP 
of  the  Si02-GaAs  structure,  where  the  Si02  serves  as  an 
encapsulant,  is  of  considerable  interest.  The  tempera¬ 
ture  at  the  Si02-GaAs  interface  is  calculated  under 
different  optical  sources  and  various  RTP  conditions. 

The  comparison  between  the  interface  temperature  and 
the  capless  GaAs  surface  temperature  will  be  presented. 
Since  the  optical  properties  such  as  reflectivity  and 
absorption  are  similar  for  Si02  and  S13N4  [6],  the 
above  results  are  expected  to  be  at  least  partially 
applicable  to  the  capped  GaAs. 
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The  diffusion  of  zinc  in  GaAs  has  been  used  extensively  for 
p-type  doping  to  form  electrical  contacts  and  in  the  fabrica¬ 
tion  of  p-n  junctions  for  opto-electronic  devices.  It  has  been 
found  that  an  overpressure  of  arsenic  is  essential  to  prevent 
surface  deterioration  due  to  arsenic  loss  from  the  sample.  The 
traditional  sealed  ampoule  approach  reduces  arsenic  loss,  but 
is  cumbersome  to  use  and  difficult  to  scale  up  to  process  large 
wafers.  Open-tube  techniques  capable  of  processing  large 
wafers  have  been  described,  but  they  require  specialised  alloy 
sources,  or  doped  films  that  complicate  the  diffusion  process 

ll-lj. 

In  this  study,  we  demonstrate  that  a  thin  film  of  yittria- 
stabilized  cubic  zirconia  (YSZ)  will  allow  the  diffusion  of  zinc 
into  GaAs  substrates  while  reducing  the  out-diffusion  of  ar¬ 
senic  to  a  level  acceptable  for  high  quality  device  fabrication 
The  YSZ  passivation  layer  acts  as  a  selective  diffusion  bar¬ 
rier  allowing  zinc  to  diffuse  freely  while  inhibiting  the  loss  of 
arsenic  from  the  GaAs  sample.  This  process  eliminates  the 
critical  control  of  the  arsenic  overpressure  and  thus  allows  the 
use  of  a  pure  zinc  diffusion  source  In  addition,  the  diffusion 
is  performed  in  a  conventional  open  tube  furnace  capable  of 
handling  large  substrates  with  good  throughput  Finally,  the 
cubic  zirconia  thin  film  is  easy  to  deposit  and  remove  while 
contributing  only  two  additional  steps  to  the  diffusion  process 

The  vittria-stabilized  cubic  zirconia  passivation  layer  was  do 
posited  onto  the  GaAs  substrates  by  electron  beam  evapora¬ 
tion.  YSZ  films  used  in  this  study  were  typically  201)0  .4  thick 
with  an  index  of  refraction  of  1  0  at  032^  A  YSZ  passiva 
tion  layers  were  removed  after  diffusion  with  either  HF  and 
or  GF4/O;  plasma  followed  by  a  IK'I/Hd)  dip  to  dissolve  any 
residual  surface  oxide 

Zinc  diffusion*  were  performed  in  an  open  tube  furnace  at 
fifitrc  in  a  high  purity  hydrogen /nitrogen  gas  mixture  Diffu¬ 
sion  sources  were  either  ON  pure  zinc  metal  or  5N  pure  ( la  As 
riN  pure  Ziii.As.  mixtures  Moth  the  zinc  diffusion  source  and 
GaAs  samples  were  held  in  a  sniiir|*»sed  quart.,  boat  Diffu¬ 
sion  times  ranged  from  20  minutes  to  20  hours  Our  open  tube 
diffusion  process  using  the  Zn(As./GaAs  diffusion  source  had 
previously  been  developed  to  produce  high  quality  GaAs  and 
AlGaAs  light  emitting  diodes  (I.EDs) 

I  he  surface  morphology  of  the  diffused  wafers  was  dependent 
"11  the  sperifi*  diffusion  conditions  As  expected  uncapped 
wafers  diffused  with  the  pure  zinc  source  showed  surface  dr 
composition  However,  the  YSZ  passivated  samples  diffuser! 
from  the  same  source  were  specular  under  microscopic  insper. 
♦  ion  f«T  diffusion  times  shorter  than  --lit  hours  Longer  dif¬ 
fusions  produced  minor  thermal  decomposition  Both  capper! 
and  uncapped  samples  diffused  with  the  GaAs'ZniAs.  source 

showed  n>-  indication  of  surface  decomposition 


Diffusion  depths  in  the  capped  and  uncapped  samples  were  de¬ 
termined  by  scanning  electron  microscopy  The  samples  were 
cleaved  and  stained  with  a  ferricyanide  etchant  to  reveal  the 
p-n  junction  The  dependence  of  junction  depth  on  diffusion 
time  for  YSZ  coated  and  uncoated  GaAs  substrates  diffused 
from  the  mixed  Zn*As:GaAs  source  as  well  as  YSZ  coated 
substrates  diffused  from  the  pure  zinc  source  are  summarized 
m  Fig  1  These  diffusions  were  performed  at  The 

linear  dependence  of  ihr  diffusion  depth  on  the  square  root  of 
diffusion  time  indicates  that  the  diffusion  follows  Fick’s  law 
[5»|.  Calculated  values  of  the  zinc  diffusivity  in  GaAs  under 
these  conditions  are  summarized  in  Table  1 

Carrier  concentration  profiles  were  obtained  using  a  Polaron 
electrochemical  profiler  The  profiles  indicated  a  uniformly 
doped  zinc  region  followed  by  a  rapid  decrease  in  the  car 
rier  concentration  in  the  region  of  the  junction  The  junction 
depths  measured  by  the  cleave  and  stain  procedure  are  in  a 
very  good  agreement  with  those  obtained  from  the  carrier  pro¬ 
file  measurements  Although  the  diffusivity  in  the  YSZ  pas¬ 
sivated  sample  diffused  from  pure  zinc  was  five  times  that  of 
the  uncapped  GaAs  diffused  from  the  alloy  source,  the  differ¬ 
ence  in  carrier  concentration  of  the  two  specimens  was  within 
the  experimental  error  of  the  Polaron  profiler.  Thus  the  YSZ 
passivation  layer  has  little  effect  on  the  carrier  profile  and 
provides  the  sharply  graded  junction  characteristic  of  other 
open  tube  and  sealed  ampoule  diffusion  processes  jl-51 

In  summary,  we  have  demonstrated  that  >  yittria  stabilized 
cubic  zirconia  coating  allows  the  diffusion  of  zinc  into  GaAs 
while  reducing  the  thermal  decomposition  of  the  substrate 
Application  of  the  YSZ  protective  layer  to  zinc  diffusion  into 
GaAs  eliminates  lie*  Tih'-al  control  of  «h»*  arsenic  overpres. 
sure  This  process  is  thu*  less  sensitive  1<>  small  unintentional 
deviations  of  processing  parameters  in  comparison  to  provi 
ously  reported  methods  !l  .r»  The  presence  of  the  YSZ  la\er 
does  not  affect  the  Zn  diffu«ivity  of  carrier  profile  significantly 
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1.  Introduction 

A  high-precision  thinning  technique  for 
substrates  with  functional  devices,  has  recent¬ 
ly  drawn  a  lot.  of  interest  for  making  high- 
performance  elect roni o/optical  devices.  A  typi¬ 
cal  exarple  is  processing  the  back-s.de 
surface  of  GaAs  used  for  a  solar  eel  1  or  a 
power  KKT  device?  Conventional  processing 
methods  and  conditions  for  back-side  surface 
prtxtess ng.  involve  many  problems.  The?  desired 
t.h  ieknoss/acouraoy  may  not.  bo  obtained  or  the 
functional  devices  on  the  other  side  may  bo 
scratched. 

On  the  other  hand,  a  conventional  finishing 
prtxiessing  (polishing)  of  GaAs  substrates  has 
serious  problems,  as  it.  uses  poisonous  or 
stimulative  smelling  reagents  containing  Br2 
-cil,oil”or  \i)CI0° 

this  paper  describes  a  small  high-precision 
system  and  a  new  polishing  method  using  a  harm¬ 
less  polishing  reagent  for  GaAs  snbst.rat.es. 
Using  this  system  and  new  polishing  method,  a 
GaAs  substrate  with  a  solar  coll  device  on  the 
other  surface  was  accurately  finished  without 
making  any  defects  to  the  ('.ell  device  surface. 

2.  Development  of  a  small  processing  system 

The  basic,  process  of  t.l»e  new  high-precision 

t  hi  lining  technique  for  samples  with  cell 
devices,  is  out  lined  in  Kig.  I.  The  process 
features  0)  Protective  film  and  adhesive  film 
coating  to  the  device-side  surface,  £9  lligh- 
aoeuracy  adhesion  of  the  sample  on  a  flat  Jig- 
plat  ,e,  (3)  High-precision  processing  of  the 

sample  (hack-side  surface). 

A  trial  demonstrated  a  h igh-aeeuraoy  and 
high-quality  thinning  prixtossing  for  a  sample 
with  devices.  Accordingly,  the  adhesive*  ma- 

ctiim  and  prtxiessing  machine  were  developed  as 
a  hi  gh-proe  i  s  iori  and  hi  gh-qaa  1  i  t.y  system. 

The  adhesive  machine  is  shown  in  Kig. 2.  A  di¬ 
lute  solution  of  protective  film  or /mid  adhe¬ 
sive  film  is  dropped  on  the  sample,  then  the 
sample  is  rotated  at.  high  sjxed.  reliably  form¬ 
ing  a  uniform  prot.ee  i  Ve/ad  lies  i  ve  film.  The 
film  thickness  can  lx:  controlled  from  0.2  t.o  8 
U  n  by  eli(x»sifig  the  rol.at  ion  speed  and  conceit* 
t  rat.  ion.  Next,  the  sample  is  set.  on  a  flat,  .jig- 
plate,  and  together  they  are  heated  and  press¬ 
ed  by  a  flexible  film  bag  of  sealed  N2  gas 
under  a  constant  pressure  as  shown  in  Kig.  3. 

It.  i«,  possible  to  h  i  gh-aeeurat.e  I  y  adhere 
samples  of  different  thicknesses  on  the  flat, 
.jig-plate  at  the  same  time. 

The  high-precision  I app i ng/pol i sh i ng  ma¬ 
chine  is  shown  in  H i g  4  The  accuracy  of  pro¬ 
cessed  sample  is  significantly  influenced  by 
positional  deviation,  sample  vibration  from 
tin*  l .  ip-  po  I  i  slier,  n  principal  axis  or  driving 
i  iot  or--  t  ransrii  ss  i  on  as  we  I  Ins  f  | at. -accuracy  of 


t  he  implement,  p late (  lap/pol  i  shor) .  Therefore, 
the  trial  prtxiessing  machine  uses  hydrodynamic 
thrust/ rad i a  1  bearings  which  absorbed  vibra¬ 
tion,  and  a  direct-drive,  low-speed,  high- 
torque  brushless  DC  motor.  The  sample  can  lx; 
manufactured  with  h i gli-accuracy  and  high- 
quality  using  this  high-precision  processing 
mad  i  i  no. 

3.  Application  of  high-precision  processing  to 
GaAs  substrates 

3.  1  Dcvclopcoent  of  a  new  polishing  slurry  and 

the  polishing  characteristics 
The  Sodium  Bromite  (NaBr02)4> sol  ution  used  as 
a  slime  control  agent  contains  Na  and  Br  and 
is  mildly  oxidi/.  i  rig  but  harmless.  This  makes 
it.  suitable  as  a  polishing  reagent  for  GaAs 
substrates.  Mochanoehemioal  po 1 i sh i ng  charac¬ 
teristics  of  the  GaAs  substrates  are  shown  in 
Kig. 5,  when  mainly  NaBr02  solution  and  Si  02 
powder  art'  used  as  the  polishing  slurry.  When 
the  S i 02  particles  in  NaBr02  solution  are  re¬ 
duced  in  size,  the  polishing  rate  decreases 
and  sat. urates  at  a  size  below  200  A  .  However, 
the  GaAs  surface  roughness  improves  remarkably. 
An  Umax,  of  8 A  (corresponding  roughness  of 
cleavage  surface)  can  be  obtained  for  70A-Si' 
pa  r  t.  i  c  l  es . 

The  polishing  rate  increases  markedly  with 
increasing  pH  value  (by  adding  NaOH) .  Chemi¬ 
cal  analysis  of  the  GaAs  polished  surface 
shows  some  elements  (Na,  Br,  0,  H,  Si,  C)  re¬ 
main  in  the  extreme  surface  layer.  Consequent¬ 
ly.  the  chemical  reaction  mechanism  can  be  es¬ 
timated  as  follows: 

GaAs  2NaBr02  -*■  GaAs04  2NaBr 

GaAs04  4 NaOH  NaGa  (OH)  4  +■  Na3As04 

The  Si02  powder  in  the  polishing  slurry 
probably  promotes  this  chemical  reaction. 

3.2  Tlx?  thinning  processing  for  GaAs  substrate 
used  for  electronics 

A  high -accuracy,  high-quality  thinning  pro¬ 
cessing  is  required  for  GaAs  solar  cells  in 
sat.cllit.es,  t.o  keep  the  satellite  light,  and 
reliable.  Klat.ness  measurements  of  the  t.Miri- 
prooossod  back-side  surfaci:  of  a  GaAs  sub¬ 
strate  (20x20x0.  5mm)  with  solar  ceil  device 
are  shown  in  Kig.  6.  A  thin  mirror — like  sub¬ 
strate  (50  ±  0.  f>  urn  thick,  flat.  1  U  m/D  20mm) 
can  tx*  obtained  with  the  sma  1  I  system  arid  new 
polishing  method  for  GaAs  substrate,  regard  loss 
of  t.he  unevenness  of  the  device-side  surface 
(several  micron).  GaAs  substrates  less  than 
30 u  m  t  hick  can  also  (x*  accurately  pel  i slu'd. 
However,  it  is  diffie.ult.  t.o  handle  and  apply 
t.o  solar  cells,  since?  a  largo  bow  is  caused. 

4.  Conclusion 

A  snail  h i gh-prcci sion  system  was  developed 
and  a  new  |x>]ishing  methcxl  applied  harmless 
ixilishing  reagent,  for  GaAs  substrates  has  tx'en 
found.  Using  t.he  system  and  the  technique,  the 
back-side  surface  of  a  GaAs  substrate  with  a 
solar  1  1  device  was  t.hi  n-prooessful  t.o  a 
thickness  of  less  than  30  u  m.  . 
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The  formation  of  shallow,  low  resistance 
junctions  is  an  important  requirment  in  MOS 
VLSI  technology  in  order  to  minimise  short 
channel  effects  in  MOSFETS.  However, 
shallow  P+/n  junctions  are  difficult  to 
obtain  since  boron  tends  to  channel  deeply 
into  silicon  during  implantation  and  diffuses 
rapidly  during  futher  high  temperature  pro¬ 
cessing.  Using  RTA,  preamorphisat ion  and 
boron  fluoride  implants,  can  reduce  channel¬ 
ling  and  diffusion,  whilst  silicidation  is 
used  to  reduce  the  sheet  resistance  of  the 
source,  drain  and  gate  regions.  A  problem 
with  using  preamorphisat ion  and  boron 
fluoride  implants  is  the  creation  of  defects 
in  the  silicon,  whilst  flourine  can  increase 
leakage  currents.  Many  of  the  problems 
associated  with  shallow  junctions  can  be 
avoided  by  implanting  the  dopant  into  the 
silicide  and  then  outdi f fusincf  it  using  a 
fairly  low  temperature  anneal  to  form  the 
junction  (1,2).  Implantation  into  the  sili¬ 
cide  means  that  any  ion  damage  is  confined 
within  the  silicide,  uniform  dopant  profiles 
can  be  achieved  since  anisotropy  and  shadow¬ 
ing  effects  of  the  implantation  are  elimina¬ 
ted.  Also  since  *v.e  implant  process  does  not 
create  damage  i.i  the  silicon,  the  temperature 
is  not  determined  by  that  required  to  anneal 
out  the  ion  damage,  thus  low  temperature 
processing  can  be  used. 

This  work  will  present  the  results  of  an 
investigation  into  the  formation  of  PMOS 
transistors,  with  channel  lengths  down  to 
0.35pm,  by  implanting  boron,  of  various  doses 
and  energies  into  TiSi2  and  using  a  low 
temperature  anneal  to  outdiffuse  the  dopant. 

An  advanced  CMOS  process,  employed  in  our 
laboratories  was  used  to  fabricate  the 
devices.  This  employs  trench  isolation, 
oxide  sidewall  spacers,  a  20nm  gate  oxide  and 
silicided  source,  drain  and  gate  regions. 

Fig  la,b  shows  a  schematic  of  the  two  process 
schedules  used  to  form  the  pmos  devices.  In 
the  conventional  process  fiq.la  after  the  cvd 
oxide  sidewall  spacer  is  formed  a  silicon 
implant  is  used  to  preamorphise  the  silicon 
to  a  depth  of  about  0.12pm,  followed  by  a 
boron  flouride  implant  (lF15/cm2,  40kV) .  The 
solid  phase  epitaxial  regrowth  (SPE)  anneal 
is  used  to  regrow  the  single  crystal  silicon 
whilst  minimising  boron  diffusion.  RTA 
annealing  is  followed  by  deposition  of  500A 
of  Ti  and  a  two  stage  RTA  process  to  form 
680A  of  TiSi2.  Fig  lb  shows  the  reduced 
number  of  steps  required  when  forming  P+ 
junctions  by  implanting  dopant  into  the  sili¬ 
cide  layer.  Boron  implantation  into  the 
silicide  is  followed  by  a  low  temperature 
anneal  (800 *C,N2, 30-120mins )  to  form  the  P+ 
junction.  Fig  2  shows  a  SIMS  profile  for  a 
P+  junction  formed  by  implanting  B  at 
5E1 5/cm2, 30kV  into  a  680A  thick  TiSi,  layer 
and  outdi f fusing  it  using  an  800*C,  30  min, 

N 2  anneal.  The  junction  depth  is  around 
0.26pm,  and  :hal lower  junctions  can  be  formed 
by  reducing  the  implant  dosr*  and  energy.  The 


sheet  resistance  was  ~6o/sq  for  the  P+  junc¬ 
tions  formed  by  implantation  into  TiSi_, 
compared  to  ~5fi/sq  for  the  conventional  P+ 
junctions . 

PMOS  transistors,  with  channel  lengths  down 
to  0.35pm,  were  fabricated  by  implanting 
dopant  into  the  silicide  and  compared  with 
conventional  PMOS  devices.  Measurement  of 
the  linear  transconductance  Gm,  as  a  function 
of  effective  channel  length  is  shown  in  fig. 3 
and  it  can  be  seen  that  there  is  no 
difference  between  the  implant  into  the  sili¬ 
cide  device  and  the  conventional  device.  The 
low  field  gain  of  the  implant  into  silicide 
device  is  around  23|iA/V2  compared  to  around 
20.5uA/V2  for  the  conventional  device,  and 
the  saturation  current  in  the  implant  into 
silicide  device  is  a  few  per  cent  higher  at 
the  same  effective  channel  length.  Fig.  4 
shows  the  output  characteristics  for  a  PMOS 
transistor  with  an  effective  channel  lenath 
of  0.35pm,  farmed  bv  implantina  B  at 
5E1 5/cm2 , 20kV  into  TiSi2  and  then  annealing 
(800*C, 60min, N2 )  to  form  the  junction. 

In  the  subthreshold  region  both  the  conven¬ 
tional  and  implant  into  silicide  PMOS  devices 
had  the  same  subthreshold  slope  92mv/dec, 
fig.  5  shows  a  subthreshold  plot  for  a  PMOS 
transistor,  with  channel  length  of  0.4^, 
formed  by  implanting  into  the  silicide. 
Offstate  leakage  (Vd=-5v,  Vg=lv)  was  found  to 
be  less  than  lOpA  for  channel  lengths  down  to 
~  0.55pm,  below  this  the  leakage  increases  to 
IpA  for  a  channel  length  of  0.45pm  as  punch- 
through  begins  to  control  the  maximum  allow¬ 
able  drain  voltage. 

The  reduction  of  the  threshold  voltage  Vt 
with  channel  length  was  also  plotted  for  the 
conventional  PMOS  device  and  implant  into 
silicide  device,  fig  6.  As  the  plot  shows  no 
enhanced  reduction  in  Vt  is  observed  due  to 
the  use  of  high  dose  boron  (5El5/cm2) 
implanted  into  the  TiSi2  layer. 

In  conclusion  PMOS  transistors  with  channel 
lengths  down  to  0.35pm  have  been  formed  by 
implantina  boron  under  a  ranoe  of  conditions 
into  TiSi2  already  formed  in  the  source, 
drain  and  gate  regions.  A  fairly  low  tem¬ 
perature  anneal  (800“C)  is  all  that  is  requi¬ 
red  to  produce  P+  junctions  with  low  leakage 
levels.  The  PMOS  transistors  formed  by  this 
method  have  character  is t ics  the  same  or 
better  than  conventionally  formed  silicided 
PMOS  transistors.  The  procedure  is  compati¬ 
ble  with  submicron  CMOS  processing. 

The  author  would  like  to  acknowledge  the 
Plessey  Co  for  permission  to  publish  and 
the  Alvey  Directorate  for  partial  fundinq. 
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ELECTRO-OPTIC  SWITCHES  BASED  ON  NOVEL  CONDUCTING 
POLYMER  TECHNOLOGY:  ENHANCING  OPTICAL  SWITCHING 
TIMES 
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11  Harts  Lane 

East  Brunswick,  NO  08816 

Many  newly  synthesized  conducting  polymer  materials 
are  serious  candidates  for  use  as  optical  switches 
in  applications  ranging  from  optical  interconnects 
and  storage  discs  to  laser  shielding  and 
switchable  radar  absorbers  [1].  Concerted  switching 
rate  studies  and  an  understanding  of  the  factors 
affecting  the  rate  so  that  it  can  be  enhaced  are 
however  still  lacking.  With  the  aim  of  designing 
and  synthesizing  novel  conducting  polymers  with  pro¬ 
mise  for  use  as  optical  switches,  and  on  the  basis 
on  semi-empirical  quantum  mechanical  (INDO)  calcula¬ 
tions  indicating  very  low  bandgaps  and  considerable 
intramolecular  charge  transfer,  we  very  recently 
synthesized  a  series  of  2-Me  thiophene  (T)  deriva¬ 
tives,  two  of  which  are  \  and  2  (Fig.  1),  via  a 
proprietary  chemical/electrochemical  procedure. 

Electrochromic  switching  rate  studies  have  been 
conducted  on  these  and  polypyrro  e  (PP),  P3MT  con¬ 
trols  using  both  chronoamperometric/chronocoulomet- 
ric  analyses  and  an  independent  s'.ect'ochromic 
switching  rate  apparatus  constructed  for  the  purpose 
employing  a  65  mW  Ar  ion  laser  (Newport),  coupled 
to  a  potentiostat  and  to  an  ultra  high-speed  Si- 
avalanche  photodetector  (Newport)  with  ECL  electro¬ 
nics.  For  device  studies,  2-layer  sandwich  devices 
oi  the  polymer  studied  comprising  the  polymer  depo¬ 
sited  on  on  an  ITO  or  Au  (ca.  70  A)  coated  glass 
slide,  a  layer  of  proprietary  polyethylene  oxide 
(PEO)  based  electrolyte  and  an  additional  ITO  or 
Au/glass  slide.  The  quasi-reference  electrode  was 
either  Pt  sputter-deposited  on  polyimide  on  the 
working  electrode,  or  an  electrically  disconnected 
section  of  the  working  electrode.  Devices  were 
hermetical ly  sealed  with  epoxy.  Electrochromic 
switching  rate  was  monitored  by  pulsing  1  V  on  either 
side  (i.e.  +/-  c  w)  of  the  polymer  redox  peak. 

INDO  calculations  on  1,  2  indicate  ca.  0.1  e"  S  to 
X  charge  transfer.  Effect  of  a  number  of  parameters 
on  a  predefined  switching  rate  were  studied,  and  it 
was  found  that  the  size  of  dopant  ion  (from  BF  ~  to 
tosylate  and  polyvinyl  sulfonate),  solvent  medium, 

(PC,  ACN),  and  substrate  (Au,  ITO,  Pt)  had  minimal 
effect  whereas  film  thickness,  electrolyte  concen¬ 
tration  (0.2  to  1.2  M),  preprocessing  of  substrate 
with  PEO  and  presence  of  effective  counterreaction 
(with  AgClO,)  had  maximal  effect.  Reduction  of  film 
thickness  f?om  10  nm  to  ca.  1  nm  caused  2  orders 
of  magnitude  drop  in  switching  rate  for  all  polymers 
while  PEO-processing  of  substrate  and  subsequent 
leaching  out  of  PEO  after  polymer  deposition  (gi¬ 
ving  better  dopant  access  to  polymer  charge  centers) 
yielded  similar  effects.  With  1  nm  polypyrrol  iuin 
tosylate  (PPTos)  prepared  in  proprietary  manner,  we 
observed  switching  times  of  ca.  1.0  msec,  reversible 
and  reproducible  over  300  cycles.  Fig.  2  shows  ty¬ 
pical  switching  curves  for  PPTos/Au/glass  (ca.  10 
nm)  with  10  -  100  mV/sec  CV$  inset.  Switched/un¬ 
switched  0D  ratios  are  ca.  10  to  80,  depending  on 
film  thickness  and  history. 

In  preliminary  tests,  thin  films  of  the  novel  poly¬ 
mers  land  2  yielded  switching  times  of  ca.  0.1  msec. 

For  certain  optical  switching  applications,  e.g.  op¬ 
tical  interconnects  [2],  rate  requirements  as  low 
as  1  picosec  have  been  stated.  However,  usee  rates 

'<)  ? 


will  yield  viable  switches  for  many  applications. 
Our  switching  rate  is  defined  on  the  basis  of 
known  charge  in  film  deposition  and  known  or  pub¬ 
lished  stoichiometry  and  No.  of  electrons  of  the 
polymer  redox  reaction. 

We  are  currently  working  on  a  number  of  approaches 
and  novel  polymers  to  yield  microsecond  domain 
switching  times.  We  have  also  developed  a  proprie¬ 
tary  intrinsic  or  'automatic'  trigger  for  the 
polymer  optical  switches  based  on  semiconductor 
electrodes,  which  will  be  described  elsewhere. 


Ue  are  grateful  to  the  US  Army  Medical  Research 
Acquisition  Activity  (Fort  Detrick,  Frederick,  MD) 
and  the  Letterman  Army  Institute  of  Research  (San 
Francisco,  CA0  for  generous  support  of  this  work. 
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The  fabrication  processing  and  characteriza¬ 
tion  of  far  infrared  rectennas  were  investigated. 
The  principle  components  of  a  rectenna  are  an 
antenna  used  to  collect  energy  from  a  radiation 
field  which  is  subsequently  coupled  in  the  form 
of  an  ac  voltage  at  the  radiation  frequency  to  a 
rectifying  element.  The  rectifying  element  serves 
to  convert  the  coupled  signal  to  some  average  dc 
power;  hence  energy  conversion  is  achieved. 

Previous  rectennas  were  primarily  used  for 
microwave  radiation  and  have  demonstrated 
conversion  efficiencies  as  high  as  90%.  The 
present  objective  was  to  extend  rectennas  for 
operation  at  far  infrared  (FIR)  frequencies.  This 
work  was  primarily  concerned  with  the  investigation 
of  a  suitable  rectifying  element  which  would 
respond  to  FIR  frequencies. 

A  metal-ox  it  -metal  (MOM)  tunnel  diode  was 
chosen.  Conduction  in  MOM  diodes  occurs  by  means 
of  tunneling  of  electrons  across  a  thin  (  50  X) 

oxide  tunnel  barrier  under  an  applied  bias  across 
the  two  metal  electrodes.  MOM  diodes  have  very 
nonlinear  current-voltage  (I-V)  characteristics 
and  are  perhaps  the  fastest  devices  known.  They 
have  been  shown  to  be  able  to  detect  radiation  at 
FIR  wavelengths  by  many  investigators.  Experi¬ 
mental  results  were  based  on  the  fabrication  and 
testing  of  rectennas  with  0.8  um  linewidths. 

Rectenna  fabrication  was  based  exclusively 
on  a  metal  liftoff  procedure  using  Shipley 
AZ-1350J  positive  photoresist .  The  substrate 
used  was  a  2"  silicon  wafer  with  a  thermally 
grown  SiO^  layer  on  top  for  electrical  isolation. 
Following  patterning  the  wafer  the  MOM  diode  was 
formed  by  first  evaporating  a  thin  layer  of  A1  used 
to  promote  adhesion  of  the  structure  to  the  Si02 
surface  and  then  depositing  a  1000  A  Ni  layer 
under  the  same  vacuum.  Upon  removal  from  the 
evaporation  chamber,  liftoff  was  performed  to 
define  submicron  Ni  lines.  A  thin  layer  of  NiO 
for  the  tunnel  barrier  was  then  formed  by 
Immersing  the  wafer  in  an  oxygen  plasma  to 
promote  oxidation  of  the  Ni  surface.  The  oxygen 
plasma  served  to  simul taneously  grow  and  etch  NiO 
to  achieve  a  uniform  metal  oxide  1?  er  on  nickel 
(Ni)  line.  Once  a  satisfactory  NIO  thickness  was 
achieved,  a  0.8  um  wide  layer  of  gold  (Au)  was 
defined  by  liftoff  which  overlapped  the  Ni-NlO 
Inver  forming  a  MOM  junction  with  an  area  of 


0.64  um  .  Dissimilar  metal  were  used  to  achieve 
desired  asymmetric  1-V  curves.  The  antenna 
structure  was  achieved  as  the  MOM  diode  was  being 
formed  by  two  parallel  metal  lines  of  Ni  and  Au 
which  coupled  into  the  MOM  diode. 

The  dc  I-V  characteristics  were  investigated. 
Results  indicated  that  the  current  dependence  on 
voltage  was  linear  about  zero  bias  up  to  a  bias  of 
about  j  70  mV  |  .  Beyond  I  70  mV  |  the  I-V  character¬ 
istics  became  very  nonlinear.  The  oxide  breakdown 
voltage  (BV)  was  also  investigated  as  a  function  of 
the  tunnel  oxide  thickness.  Breakdown  voltage 
was  determined  when  the  current  suddenly  increased 
by  many  orders  of  magnitude  at  a  certain  bias 
indicating  a  short  circuit  situation.  The  voltage 
was  ramped  at  a  rate  of  0.5  V/s  until  BV  occurred. 

BV  was  found  to  decrease  as  s  was  decreased.  This 
dependence  was  slightly  less  the  linear  and  the 
maximum  electric  field  (E  )  at  BV  increased 
slightly  as  the  oxide  thickness  was  reduced.  The 
average  ^  for  the  tunnel  oxide  thickness  ranged 
from  15  39  X  was  approximately  7x10  V/cm. 

Bias  and  current  dependent  transient  effects 
were  also  investigated.  For  a  bias  swept  across 
the  device  terminals  employing  a  curve  tracer,  the 
current  at  a  given  bias  point  was  found  to  decrease 
monotonical lv  in  time  until  some  steady  state 
condition  was  reached.  This  behavior  was  attributed 
to  trapping  of  electron  within  the  NiO  barri"*-  layer 
This  current  decay  occurred  similarly  in  devices  of 
various  tunnel  oxide  thicknesses.  The  I-V  curves 
also  showed  some  hysteresis  when  a  large  dc  electric 
field  was  induced  across  the  junction  and  an  1-V 
curve  was  subsequently  traced.  This  behavior  has 
been  attributed  to  ion  migration  within  the  tunnel 
oxide  layer. 

Electrical  measurements  were  performed  to 
determine  the  low-level  detection  performance  of  the 
MOM  diodes  used  in  the  rectenna.  The  current 
sensitivity  was  measured  as  a  function  of  dc  bias 
across  the  junction  by  superimposing  a  2kHz  sine 
wave  with  an  amplitude  of  10  mV  on  the  dc  signal 
and  then  measuring  the  first  and  second  harmonic 
responses.  The  maximum  sensitivity  indicates 
the  region  of  maximum  detectability.  The  maximum 
value  of  sensitivity  occurred  for  a  bias  of  100  mV. 

Finally,  optical  measurements  were  performed. 
A  C0_  laser  with  a  wavelength  of  10.6  um  was  used 
as  the  radiation  source.  The  beam  was  chopped 
at  a  frequency  of  207  Hz  and  a  reference  signal  at 
the  same  frequency  was  supplied  to  a  lock-in 
amplifier  (L1A) .  The  rectified  signal  of  the 
rectenna  was  measured  as  a  function  of  dc  bias  by 
the  LIA.  The  FIR  rectenna  was  found  to  detect 
best  near  a  bias  voltage  of  approximately  120  mV. 
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A  uniform  and  defect-free  silicon  wafer  thinning  process  has  been  a 
principal  need  in  an  increasing  number  of  new  device  applications  such  as 
back-side  illuminated  CCD  imaging  devices,  high-quality  SOI  devices  and 
micromcchanical  devices.  A  whole-wafer  thinning  process  has  been 
developed  to  uniformly  remove  a  thick,  heavily  doped  bulk  substrate  from  a 
lightly  doped  epitaxial  layer.  The  process  relics  on  the  combination  of 
denuded-zone  gettering  with  improvements  in  the  mcchanical/chcmical  thin¬ 
ning  technology. 

This  wafer  thinning  process  uses  commercially  available  epitaxial 
wafers.  A  denuded-zone  process  has  been  used  to  drive  out  all  the  oxygen  in 
the  top  layer  of  the  heavily  doped  silicon  substrate  prior  to  the  lightly  doped 
epitaxial  layer  growth  [1].  The  p+  bulk  is  mechanically  removed  from  the 
back  of  the  wafer  to  within  the  denuded  zone,  resulting  in  a  polished  surface 
on  the  remaining  defect-free  p*  bulk  substrate  with  a  ±  10  pm  thickness  uni¬ 
formity. 

A  selective  etch  is  then  used  to  remove  the  remaining  heavily  doped 
substrate,  stopping  on  the  lightly  doped  epitaxial  layer  (2).  The  selective  p' 
etch  solution  consists  approximately  of  10  parts  acetic  acid.  3  nitric  acid  and 
I  pan  hydrogen  fluoride.  The  selectivity  of  the  etching  solution  is  low  (2:1) 
because  some  of  the  nitric  acid  is  converted  to  nitrous  acid  which  etches  the 
p'  epitaxial  layer  Muraoka  et  at.  managed  to  improve  the  selectivity  by 
adding  agents  to  the  solution  which  either  oxidized  or  decomposed  the  nitrous 
acid.  This  works  well  as  long  as  the  substrate  resistivity  is  less  than  0.0 1 
ohm-cm.  However,  most  of  the  commercially  available  p*  substrates  for  high 
quality  epitaxial  layers  have  resistivities  in  the  range  of  Q.Ol  to  0.02  ohm -cm. 
where  the  Muraoka  etch  is  not  very  selective. 

Wc  have  found  that  ultrasonic  agitation  can  effectively  remove  the 
nitrous  acid  from  ihc  etching  interface  and  an  etching  selectivity  as  high  as 
25:1  can  be  obtained  between  a  0.012  ohm-cm  p*  substrate  and  a  30  ohm-cm 
p'  epitaxial  layer  in  the  same  vicinity.  A  final  layer  thickness  uniformity  ol 
0.4  pm  for  a  12-pm-thick  epitaxial  layer  is  routinely  obtained  over  an  entire 
3-inch  wafer  of  400-pm  starting  thickness. 

The  defect  counts  of  the  selectively  etched  surface  are  close  to  that  of 
the  original  epitaxial  layer.  The  density  of  the  slacking  faults  is  less  than 
10  cm~:.  Shallow  etch  pits  of  a  depth  of  5000  A  or  less  are  caused  by  point 
delects  due  to  the  oxygen  precipitates  in  the  bulk  substrate.  The  density  of 
the  shallow  pics  is  around  2000  cm-2  on  wafers  which  were  not  lapped  to  the 
denuded  zone.  Figure  1  shows  the  point  defects  on  the  p*  bulk  manifested  by 
the  selective  etch,  and  Figure  2  shows  the  shallow  etch  pits  in  the  epitaxial 
layer  corresponding  to  the  point  defects  in  the  bulk.  These  shallow  pits  can 
be  effectively  prevented  by  denuding  the  oxygen  in  the  intrinsic  gettering  pro¬ 
cess,  and  mechanically  removing  the  p*  substrate  to  within  the  denuded  zone. 

Back-side  illuminated  CCD  imagers  have  been  successfully  fabricated 
using  this  thinning  process,  Figure  3  shows  a  3"  silicon  wafer  thinned  down 
to  10  pm  that  has  16  chips  of  420  x  420-pixcl  CCD  imagers  on  iL  The 
thinned  CCD  imagers  show  a  transfer  inefficiency  better  than  10-5,  and  the 
dark-current  density  (surface  and  bulk)  is  around  2  nA/cm2  with  no  back-side 
surface  treatment.  This  thinning  process  is  useful  u  produce  high- 
pcrformancc  silicon  devices  without  causing  any  device  degradation. 
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Fig.  1.  Photograph  showing  point  defects  on  nondenuded  bulk  silicon  caused 
by  oxygen  precipitation. 


Fig.  3.  Photograph  of  a  thinned  3-inch  wafer  mounted  on  a  glass  substrate 
lighted  from  the  back-side. 
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1 .  INTRODUCTION 

THE  <  2%  SILANE  IN  NITROGEN  OR  OTHER 
INERT  DILUENTS  AS  A  SOURCE  MATERIAL  HAS  NOW 
BEEN  ROUTINELY  USED  FOR  PECUD  DIELECTRIC  FILM 
PREPARATION  (1).  SINCE  THE  CAS  THUS  MIXED  IS 
NON— PYROPHORIC ,  THE  PROCESS  15  MUCH  SAFER  FOR 
THE  MICROELECTRONICS  INDUSTRY.  IN  THIS  PAPER 
THE  PREPARATION  AND  PROPERTIES  OF  PECVD  OXY¬ 
NITRIDE  FILMS  ARE  REPORTED.  IN  COMPARISON  TO 
THE  PECVD  NITRIDE .  OXYNITRIDE  HAS  LOU  HYDRO¬ 
GEN  CONTENT  IN  TERMS  OF  NH  ANO  SIH  E'ONOS  , 

SHOUS  LESS  FILM  STRESS.  CAN  E<E  EITHER  WET 
ETCHED  OR  RIEO,  AND  HAS  LOU  DIELECTRIC  CONS¬ 
TANT  AND  TRAPPED  CHARGE  DENSITY,  IT  IS,  THERE¬ 
FORE.  AN  EXCELLENT  DIELECTRIC  FOR  MULTILEVEL 
INSULATION  AND  PASSIVATION.  OXYNITRIDE  HAS 
ALSO  BEEN  USED  AS  A  SELECTIVE  DIFFUSION  BARRI¬ 
ER  MATERIAL  BECAUSE  OF  ITS  THERMAL  STABILITY 
(2)  . 

2.  EXPERIMENTAL 

AN  AMC  3300  LOU  PRESSURE,  RADIAL  FLOU 
PARALLEL  PLATE  REACTOR  UITH  PERFORATED 
CATHODE  UAS  USED  IN  THIS  STUDY.  1 . 9X  SIH4 
CAS  IN  N2  UAS  PREMIXED  UITH  NH3  AND  N20 
BEFORE  ENTERING  THE  PERFORATED  CATHODE. 
IMPURITIES  IN  THE  SIH4  CAS  SUCH  AS  H20 ,  02, 

002  AND  HYDROCARBONS  UERE  KEPT  BELOU  2  PPM. 
MOST  OF  THE  FILMS  USED  IN  THIS  STUOY  UERE 
DEPOSITED  AT  325  C.  0.4  TORR ,  AND  A  FREQUENCY 
OF  50  KHZ  UITH  RF  POUER  VARYING  FROM  50  U  TO 
900U .  ALL  SAMPLES  UERE  DEPOSITED  ON  -4 100  >  SI 
WAFERS  EXCEPT  THOSE  USEO  FOR  NUCLEAR  BACK- 
SCATTERING  ANALYSIS,  FOR  WHICH  THE  DEPOSITION 
UAS  CARRIED  OUT  ON  EITHER  HIGHLY  PURIFIED 
CARBON  OR  VITREOUS  CARBON  SUBSTRATES.  THE 
SAMPLES  FOR  IR  STUDY  WERE  DEPOSITED  ON  THE 
WAFERS  POLISHED  ON  BOTH  5I0ES.  THE  AS- 

DEPOSITED  FILM  COMPOSITION  UAS  DETERMINED  BY 
NUCLEAR  BACK SCATTERING  SPECTROSCOPY  AND  FTIR 
SPECTROSCOPY .  THE  FILM  INDEX  OF  REFRACTION 
AND  THICKNESS  UERE  MEASURED  USING  GAERTNCR 
ELLIPSOMETER . 

3.  RESULTS  ANO  DISCUSSION 

COMPOSITION:-  FIC.l  SHOUS  THE  REGION  OF 
"THE  SILICON  OXYNITRIDE  COMPOSITION  OBTAINED 
IN  THIS  STUDY  THROUGH  NUCLEAR  BACKSCATTER I NG 
ANALYSIS.  FOR  COMPARISON  PURPOSE  THE  COMPOSI¬ 
TION  OF  LPCVO  OXYNITRIDE  FILMS  AND  THE 
SURFACE  COMPOSITION  OF  LPCVO  ANO  PECVD  SI3N4 
AND  OXYNITRIDE  FILMS  ARE  ALSO  INCLUDED.  IT  IS 
INTERESTING  TO  NOTE  THAT  THE  SI  CONTENT  OF 
THE  FILMS  IS  ALMOST  CONSTANT  (34  TO  37  ATX J  , 
WHILE  THOSE  OF  N  AND  D  VARY  QUITE  SIGNIFICANT¬ 
LY  UITH  THE  PREMIXED  CAS  RATIO.  THIS  "BAND” 
APPEARS  TO  BE  INSENSITIVE  TO  THE  DEPOSITION 
CONDITIONS  SUCH  AS  T,  P,  AND  RF  POUER.  IT  CAN 
ALSO  BE  OBSERVEO  T HAT  THE  COMPOSITION  OF  ALL 
CVD  FILMS  OF  SI3N4  ANO  OXYNITRIDE,  EITHER 
PCCVDooLPCVO .  FALLS  IN  THIS  GENERAL  REGION  IN 
GENERAL  THE  SURFACE  LAYER  HAS  HIGHER  02 
CUNT  ENT  THAN  THE  BULK  IN  FIGS.  2  AND  3  1  HE 
CONTENT  OF  02,  SI,  AND  N2  IN  THE  FILM  VS  RF 
POUER  IS  REPORTED.  IT  CLEARLY  INDICATES  THAT 
THE  SI  CONTENT  IS  VERY  MUCH  THE  SAME  AS  RF 
POUER  INCREASES,  WHILE  THAT  OF  02,  AND  N2 
VARIES  SIGNIFICANTLY.  THE  DIFFERENCE  BETWEEN 
FIG  2  ANO  FIG  3  IS  MERELY  A  CHANCE  OF  NH3  TO 
N2Q  RATIO  FROM  0  S3  TO  1.05 


DEPOSITION  RATE:  THE  DEPENDENCE  OF  DEPOSITION 
OF  OXYNITRIDE  ON  RF  POUER  IS  SHOWN  IN  FIG. 4 
FOR  VARIOUS  NH3/N20  RATIO.  IN  FIG . 4A  THE 
DEPOSITION  RATE  OF  OXYNITRIDE  AT  RF  POWER  400 
U  VS  N20/5IH4  RATIO  IS  PLOTTED  FOR  DIFFERENT 
NH3/N20  RATIOS.  AT  CONSTANT  RF  POWER  THE 
DEPOSITION  RATE  TENDS  .TO  INCREAS  WITH  THE 
INCREASING  N20/5IH4  RATIO,  WHILE  IT  DECREASES 
UITH  THE  INCREASING  NH3/N20  RATIO. 

INDEX  OF  REFRACTION:-  THE  REFRACTIVE  INDEX  OF 
PECVD  OXYNITRIDE  FILMS  VS  N20  FLOU  RATE  UNDER 
THE  DEPOSITION  CONDITIONS  OF  RF  POUER  400  U, 

325  C,  AND  0.4  TORR  IS  SHOWN  IN  FIG. 5.  CURVES  . 
A.  B.  C,  ANO  D  REFER  TO  DIFFERENT  NH3  FLOU 
RATES .  THE  DATA  UAS  OBTAINED  FOR  CONSTANT 
SIH4  FLOU  RATE.  IT  IS  OBVIOUS  THAT  THE  INDEX 
OF  REFRACTION  DECREASES  WHEN  THE  FLOU  RATE 
INCREASES,  ITS  DEPENDENCE  ON  THE  NH3  FLOU  RATE 
IS  CLEARLY  ILLUSTRATED  IN  FIG. 5.  IN  FIG . 6  THE 
REFRACTIVE  INDEX  VS  THE  RF  POUER  AT  VARIOUS 
NH3/N20  RATIO  IS  REPORTEO .  APPARENTLY,  THE 
INDEX  DECREASES  UITH  INCREASING  RF  POWER. 
HOWEVER,  THE  INDEX  INCREASES  UITH  INCREASING 
NH3/N20  RATIO. 

ETCH  RATE:-  FIG . 7  REPORTS  THE  ETCH  RATE  OF 
OXYNITRIDE  IN  A  HOT  H3P04  SOLUTION  (165  C>. 

THE  FILMS  USED  IN  THIS  ETCH  STUDY  WERE  MADE  AT 
300  C  AND  0.8  TORR.  THE  ETCH  RATE  DRASTICALLY 
DECREASES  AS  THE  RF  POWER  INCREASES.  HIGH 
NH3/N20  TENDS  TO  INCREASE  THE  ETCH  RATE.  THE 
10:1  BUFFERED  ETCH  RATE  VS  RF  POUER  IS  SHOWN 
IN  FIG.B.  UNLIKE  I  HE  H3PD4  ETCH  RATE,  THIS 
RATE  INCREASES  WITH  THE  RF  POWER  AND  LEVELS 
OFF  ECYOND  600  U. 

DIELECTRIC  CONSTANT.-  THC  DIELECTRIC  CONSTANT 
OF  OXYNITRIDE  WAS  OBTAINED  FROM  CV  MEASUREMENT 
ON  MIS  STRUCTURE.  ITS  DEPENDENCE  ON  REFRACTIVE 
INDEX  IS  SHOWN  IN  FIG. 9. 

FILM  STRESS : -PECVD  OXYNITRIDE  FILMS  HAVE  LOWER 
COMPRESSIVE  STRESS.  A5  SHOWN  IN  FIG. 10.  IT 
DECREASES  UITH  INCREASING  RF  POWER.  INCREASE 
OF  DEPOSITION  PRE5URE  TENDS  TO  LOWER  THE 
STRCSS.  INCREASE  OF  NH3/N20  RATJO  WILL 
RESULT  IN  INCREASE  OF  STRESS. 

IR  DATA:-  THE  INTEGRATED  ABSORPTION  BANDS  OF 
NH  AND  5 1 H  DERIVED  FROM  FTIR  SPECTRA  ARE  SHOWN 
IN  FIG. 11.  THE  ABSORBANCE  OF  BOTH  NH  AND  5IH 
DECREASES  AS  RF  POUER  INCREASES.  INCREASE  OF 
NH3/N20  RATIO  TENDS  TO  INCREASE  THE 
ABSORBANCE  OF  NH  AND  SIH  CONTENTS  IN  THE 
FILMS . 

4.  CONCLUSION 

A  LESS  THAN  2V  SILANE  PROCESS  FOR- 
DEPOSITING  SILICON  OXYNITRIDE  THIN  FILMS  HAS 
BEEN  SUCCESSFULLY  DEVELOPED.  THE  RESULTS  SHOW 
THAT  THE  REGION  OF  THE  COMPOSITION  FORMATION 
IS  CONSISTENT  UITH  THE  PREVIOUSLY  REPORTED 
DATA  (3).  THE  FILMS  THUS  GROWN  HAVE  SUPERIOR 
MECHANICAL,  ELECTRICAL,  AND  CHEMICAL 
PROPERTIES  AND  CAN  FIND  MANY  APPLICATIONS  IN 
THE  MICROELECTRONICS  INDUSTRY. 
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Introduction 

The  use  of  CVi)  Si02  films  in  the  semiconduc¬ 
tor  technology  makes  necessary  the  annealing 
of  these  films  at  high  temperatures (1 ) .The 
TiiOb-LPCVD  bi02  films  have  been  shown  to  pre¬ 
sent  a  superior  step  coverage  in  comparison 
with  the  widely  used  SiH.  oxide  (2). 

The  purpose  of  this  paper  is  to  study  the 
densif ic-ition  process  of  Th'Cb-Li’CVh  biCK  films 
vs,  annealing  parameters  ( temperature, time, 
pressure) • 
nxperin.erital 

The  2  inch  silicon  substrates  were  cleaned 
in  a  H2o04/HNG3  solution  at  8o°0 ,  lei oniaed 
water  and^then^dipped  into  a  5u  HF. 

Lhln^  f^\n\e5t1WiVeedacb<ord8f?fP5tsio 

temperature  of  75o  C  and  a  pressure  of  C.4 
torr. After  the  biCK  films  annealing  in  vacu¬ 
um  or  dry  N  within  the  temperature  range 
of  75o-  looh  °G  the  films  thicknesses 
were  measure  using  an  ellipsome ter. 

The  etch  rate  in  p-etch  solution  (2  vol  HUG* 
7oX>+3  vol  HF  49»+6o  volH^C  )war  Jetermi:  ed 
as  shown  previously (4  )  ,  the  etching  temper  »- 
ture  being  of  2o°C. 

Results  and  Discussion 

The  etch  rate  curves  of  oiC2  films  thermally 
annealed  vs, the  damnification  time  at  a  7vo°C 
temperature  show  a  higher  etch  rate  for  the 
films  annealed  in  vacuum  in  comparison  with 
those  annealed  in  dry  N>;the  difference  in¬ 
creasing  with  the  lensirication  time, and  in 
both  canes  the  etch  rate  decreases  when  the 
densif icution  time  increases  ( f ir.l Tcurves  1 
and  2).  Also  the  t  iC2  fil::s  anne  .led  in  y  ann¬ 
um  presorts  f-i  higher  etch  rate  in  com;  ori¬ 
son  with  the  films  annealed  in  Iry  'i  .  .'.hen 
the  densif  icatior.  temperature  varies4**  ithin 


the  range  of  79o-9oc»  C  (fig.,  , curves  j  , 

On  +  he  ether  hand , the  -iC^  f  i  L..o  a..ne- tied 
at  looo°C  present  a  little  higher  etch  r:.te 
for  films  annealed  in  vacuum  ir.  e  iirpari  son 
with  those  annealed  in  Iry  N2,the  v  .lues  of 
the  etch  rate  tending  to  that  of  the  ran  .-1 
oxide  of  2A/s(l>3),at  a  densific  at  ion  ti;;e 
above  3o  min,  lfig.1  ,  curves  ?>  and  4). 
Conclusions 


In  conclusion, the  ionsification  process  of 
TtoOd -LPGVD  bit'2  films  within  the  temperature 
range  of  79o-9oc°0  is  strongly  ir.'J  nence  5 
by  the  annealing  pressure  which  is  -m  i 
portant  paran.eter  besides  the  annealing 
temperature  and  time^while  at  a  temper. -.ture 
of  looo°C  the  denr.ifa cation  process  in 
controlled  mainly  1  y  a  therm  >1 1;,  nctiv  \r\ 
arrangement  r,f  -iC,  tetruhelra  f*v*:n  D 
biC2,in  a  network  closed  to  that  of  ther¬ 
mal  -i02,thi n  process  being  «-»*ircnt  i  al !,? 
independent  of  the  annealing  prer  ure. 
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Introduotlon 

The  ohemiool  states  of  phosphorous  incor¬ 
porated  in  CVD  phosphosilioate  glass  (PSG) 
films  were  deteoted  by  different  methods  (1- 
6). 

The  purpose  of  this  paper  is  to  analyse 
the  ohemioal  states  of  phosphorous  from  as- 
deposited  and  temperature  annealed  PSG  films 
used  in  technology  for  semiconductors. 

Results  and  Discussion 

The  phosphorous  atom  has  in  fundamental 
state,  in  its  M  shell  the  electronic  confi¬ 
guration  3sz3pJ  (7)  which  Justifies  the  tri- 
valent  behaviour  of  this  element . 

Thus,  in  the  LPCVD-PSG  films  (deposited  in 
a  SiH.-PHo-O,  system  at  temperatures  in  the 
30O-5o0JCJrange)  with  a  total  phosphorous 
concentration  in  the  2-11  wt  }i  range,  a 
small  amount  of  phosphorous  was  detected 
as  being  incorporated  as  P20,  or  PH,,  though 
the  mainly  part  was  incorporated  as^PjO-  (5) 
It  should  be  mentioned  that  phosphorofis^in- 
oorporated  in  the  PSG  films  as  PH,  disap¬ 
pears  after  a  heat  treatment  at  high  tempe¬ 
ratures  (920°c)  regardless  of  ambient,  while 
the  treatment  of  P^O,  in  an  oxidizing  ambi¬ 
ent  removes  P-0,  from  the  film(5). 

However,  theJphophoroue  is  known  to  be 
pentavalent,  due  to  the  fact  that  one  of 
the  3a  electrons  oan  easily  advanoe  on  a  3d 
orbital,  with  not, to  high  an  energy  level, 
resulting  in  a  spJd  hybridization  (7).  On 
the  other  hand,  PO,  tetrahedra  with  one  in¬ 
active  vertex  fronTchemical  viewpoint  oocur 
in  all  polymorphous  modifications  of  P-0  in 
the  solid  state  (7).  5 

Indeed,  in  the  LPCVD-PSG  films  (deposited 
in  a  TE0S-0„-PH,  system  at  a  temperature  of 
640°C)  with^phosphorous  concentration  in  the 
5. 5-7. 5  mole  /»  P-CL  range,  the  phosphorous 
is  incorporated  In^the  pentavalent  state, 
mainly  as  (0,)=P=0  oomplex  as  revealed  by 
the  P=0  absorbtion  band  at  1330  cm-  (3). 
Also,  the  infrared  absorption  spectrum  of 
heat  treated  PSG  films  reveals  that  only  a 
small  amount  of  phosphorous  is  not  comple¬ 
tely  oxidized  in  the  as-deposited  film  (3). 

In  faot,  the  E3CA  2p  spectrum  of  a  8  > 
phosphorous  doped  PSG  films,  reveals  the 
phosphorous  incorporated  in  the  P-0  state 
isubstitutional)  due  to  phosphorous  atom 
substituting  for  31  in  the  SiO,  tetrahedra 
and  also  in  the  P-Si  state  (interstitial 
state)  due  to  phosphorous  atom  interposed 
between  the  SiO  tetrahedra  (6). 

The  P3G  films,  depoaited  at  atmospheric 
pressure  (APCVD)  and  low  temperature  (400- 
45C“G)  in  a  SiH.-PH^-O.-N,  system,  with  a 
phosphorous  oonoentretlon  in  the  0-1  wt  /o 
range  ,  presents  s  differential  infrared  ab¬ 
sorbtion  band  at  1100  om  ,  whioh  was  assig¬ 
ned  to  the  P-0-31  three  center  linkages  (4) 
(the  bridging  oxygene  are  bridging  a  pair 
of  31  and  P  atoms  (2)). 


On  the  other  hand,  the  APCVD-P3G  fiJLma 
with  phosphorous  concentration  in  the  1-5 
range  present  a  weak  absorption  band  at 
1325  om-1  associated  to  the  P=0  stretching 
band  (1).  However,  for  a  PSG  film  with  a 
phosphorous  concentration  of  4.5  wt  %,  this 
band  is  well  resolved  after  15  minutea  »£ 
heat  treatment  at  800°C  In  dry  N„  (1),  indi¬ 
cating  the  poasibility  that  in  the  as  depos¬ 
ited  films  phosphorous  may  be  incorporated 
as  P,0,  ,  PH,,  or  in  P-Si  state. 

The jAPCVD2psg  films  with  phosphorous  con¬ 
centration  above  5  wt  %  presents  a  well  re¬ 
solved  absorption  band  of  P=0  bond  at  1325 
cm_J-  ,  this  band  showing  a  little  change  for 
a  film  with  a  phosphorous  concentration  of 
7.7  wt  H  after  densifioatlon  at  800°C  (1). 

From  the  above  statements,  it  should  be 
concluded  that  the  claaio  formulation  that 
phosphorous  is  incorporated  in  the  PSG  filme 
88  ?2°8  (1-3,5)  is  not  a  proper  formulation. 
Indeed;  PjO-  appears  in  solid  state  in  the 
hexagonal  form  which  contains  P,0,  0  molecules 
(4  PO,  tetrahedra),  or  in  the  ortnorombio 
form  Twhieh  is  formed  of  rings  of  10  PO  te¬ 
trahedra  each)  (7),  these  polymorphous  mo¬ 
difications  of  P205  being  not  found  up  to 
now  in  P3G  films  with  phosphorous  concentra¬ 
tion  in  the  0-12  wt  %  range. 

Therefore,  a  proper  terminology  is  propo¬ 
sed  in  order  to  characterize  the  concentra¬ 
tion  of  phosphorous  incorporated  in  PSG  fil¬ 
ms:  (i)  the  phosphorous  incorporated  in  the 
pentavalent  state  as  (0,)£?=0  oomplex,  given 
in  wt  55  phosphorous;  (il)  the  phosphorous 
incorporated  in  the  trivalent  state  as  PH, 
or  P„0,  given  in  wt  %  phosphorous  and  (ill) 
the  hsaal  formulation  of  wt  phosphoroua. 
to  give  the  total  phosphorous  concentration 
in  the  film. 


Conclusions 

The  phosphorous  incorporation  in  the  CVD- 
PSG  films  should  take  into  consideration 
the  following  phenomena:  (i)  the  phosphorous 
is  incorporated  mainly  ae  (0,)=P=0  tetrahed¬ 
ra  (pentavalent  state;  whiclrare  randomly 
distributed  in  the  quasilattioe ;  only  three 
of  the  four  oxygens  coordinating  eaoh  P  atom 
are  bridging;  (ii)  only  a  small  amount  of 
phosphorous  Is  incorporated  in  trivalent 
state  as  P,0,  or  PH,  and  (iii)  phosphorous 
is  incorporated  in  the  P-Si  etateUntersti- 
tial  state)  due  to  phosphrous  atom  interpo¬ 
sed  between  SiO,  tetrahedra. 
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A  coherent  epilayer,  which  is  subcritical  at  the 
monolayer  level,  becomes  critical  at  a  thickness  hc(f) 
or,  alternatively,  at  a  critical  misfit  fc(h)  and  loses 
interfacial  coherence  by  the  introduction  of  misfit 
dislocations  (MD's).  The  calculation  of  hc  and  fc  has 
recently  become  topical.  The  physical  principles  - 
particularly  the  equilibrium-nonequil ibrium  nature  of 
the  relevant  processes  -  and  the  models  employed  in  the 
calculations,  are  briefly  analysed  and  given 
perspective  (1). 

The  misfit  is  usually  defined  in  terms  of  atomic 
spacings  a  and  b  as 

f  =  (a  -  b)/c 

for  an  overlay. r  A  and  a  substrate  B.  The  value  of  c 
depends  on  a  and  b  and  the  thicknesses  h^  and  hg.  In 
the  coherent  configuration  f  is  accommodated  completely 
by  misfit  strain  (MS  =  e  =  |e|).  When  MD'S  (f)  also 
occur,  the  relation 

f  -  £  +  Pe  , 

where  P  =  1  when  B  is  thick  and  otherwise  depends  on 
thicknesses  and  elastic  constants,  applies. 

The  epigrowth  and  C-IC  transition  processes  are 
driven  by  (free)  energy  gradients  and  retarded  by  a 
hierarchy  of  energy  barriers.  The  barriers  involved  in 
growth  e.g.  in  adatom  migration,  are  more  or  less  fixed, 
and,  whereas  the  barriers  involved  in  the  acquis  it  ion 
of  MD's,  e.g.  the  Peierls  barrier,  are  normally  much 
larger,  thev  may  be  reduced  -  even  to  zero  -  by  MS 
stresses.  Progress  towards  the  equilibrium  minimum 
(free)  energy  configurations,  is  facilitated  bv  thermal 
activation.  Clearly,  at  a  given  substrate  temperature 
and  adatom  supply  rate,  either  or  both  of  the  processes 
of  growth  and  C-IC  transition  may  be  far  from,  or 
arbitrarily  close  to  quasi-equilibrium.  We  shall  assume 
that  growth  is  layerlike,  which  is  exact  for  quasi- 
equilibrium  growth  when  the  AB  bonding  exceeds  the  AA 
bonding,  but  is  otherwise  (approximately)  realized  by 
an  appropriate  adatom  (nonequilibrium)  supersaturation. 

In  most  calculations  the  AA  and  BB  atomic  interaction* 
have  been  modelled  by  harmonic  forces  which  give  the 
MS  energy  as 

K-  =  I  2u(l  ♦  v)/ ( I  - 

when  the  interface  has  quadratic  symmetry;  and  v 
being  respectively  the  shear  modulus  and  Poisson's 
ratio.  For  the  AB  tcrf'i'O ,  either  the  Frenkel - 
Kontorowa  model  that  represents  the  interaction  in 
terms  of  a  truncated  Fourier  series  whose  wave  length 
and  coefficients  are  respectively  related  to  the 
rvstai  periods  and  the  AB  bond  strength,  OK,  the 
Voiterra  (V)  model  that  requires  perfect  atomic 
registry  at  the  interface  except  for  a  singularity  on 
each  MD  line,  is  used.  The  FK  model  has  the  advantage 
of  making  provision  for  the  AB  bond  strength,  whereas 
the  V  model  displays  mathematical  simplicity  in 
handling  the  thickness  by  the  introduction  of  a  "cut  off 
radius"  R  for  the  strain  field  (2): 

*  Och-'/2’-)l  f.n(R/b).||,  *0-.A)/..A»n- 

K  *  p/2  or  It.  for  h.  >  p/2  or  •>  *  i>/2. 

A  A  A 

F p  and  p  are  respectively  Mie  Mb  energy  and  s;«.n 
when  B  is  thick.  In  the  FK  mod,  1  (  0 


E-  -  (,.A,cp/*-’Wr:).  s  -  2-V/,abP, 

for  crystals  whose  thickness  h  <  p/2.  V  is  a  simple 
function  and  an  interfacial  shear  modulus  The 
presence  of  ;i.g  and  in  E^  and  ft  accounts  for  the 
interaction  strengths  and  c/p  =  f  for  the  misfit 
(or  c/p  =  ?  for  the  MD's).  The  foregoing,  when  combined, 
defines  the  functional  dependence  of  the  total  energy 
E  *  E(h,  f;  e  or  f)  per  unit  area  of  interface.  More 
recently,  these  phenomenological  model  calculations 
have  been  extended  to  ab  initio  calculations,  using 
appropriate  interaction  potentials  (4). 

The  simplest  mathematical  technique  (1,2)  to  calculate 
the  critical  quantities  is  to  let  7  0,  or  equivalently 

e  f.  In  the  equilibrium  case  one  first  obtains  the 
equilibrium  equations  (i)  by  mathematical  minimization 
of  F.  with  respect  to  e  or  7,  or  equivalently  (ii)  by 
setting  the  work  needed  to  acquire  a  MD,  eoual  to  zero; 
0  =  W  =  /  Fds ,  and  (iii)  when  the  force  F  needed  to 
acquire  the  dislocation  is  constant,  by  setting  the 

force  itself  equal  to  zero;  0  *  F  *  F-  -  F„,  and 

el’ 

thereafter  equates  the  minimizing  values  as  follows: 

e  *  f  or  f  =0.  Case  (iii)  normal lv  applies  when 
m  m 

MD's  are  generated  from  threading  dislocations ;  F-  and 
being  respectively  the  Peach-Koehler  MS  force  and 
the  line  tension. 

Calculations  for  non-equilibrium  critical  quantities 
usually  involve  calculating  (i)  either  the  relevant 

activation  energy  harrier  height  l'  in  a  given  case 

m 

(4),  (ii)  or  the  MS  e  =  f  at  which  T  comes  in  the  ranee 

m 

of  thermal  activation  (5),  or  vanishes  so  that  MD's 
form  spontaneously ,  (iii)  or  at  best  an  attempt  to  set 
up  and  solve  a  dynamic  equation  for  MS  relief  (b). 

Examples  of  the  application  of  the  criteria  described 
above  and  their  correlation  with  experiment  are  con¬ 
sidered.  It  is  concluded,  that  while  observed  critical 
values  for  metals  agree  reasonably  well  with  equili¬ 
brium  predictions,  this  is  not  true  for  many  covalent!', 
bonded  semiconductors.  Whereas,  the  importance  of  past 
and  future  calculations,  based  on  the  phenomenological 
models,  are  recognized,  the  increasing  role  of  ab 
initio  and  nonequilibrium  calculations  are  foreseen. 
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Interface  misfit  dislocations  in  mismatched  heterostructures  can 
be  eliminated  by  preventing  the  nucleation  of  misfit  dislocations,  by 
minimizing  dislocation  multiplication,  and  limiting  the  glide  of 
existing  misfit  dislocations.  Possible  nucleation  mechanisms  such 
as  the  glide  of  threading  dislocations,  multiplication  of  misfit 
dislocations,  and  the  formation  of  surface  dislocation  half-loops 
have  been  discussed  by  Matthews,  Mader,  and  Light13,  and 
dislocation  multiplication  has  been  discussed  in  detail  by  Hagen  and 
Strunk4.  Matthews,  Mader  and  Light  originally  attributed  the 
formation  of  misfit  dislocations  to  the  lateral  glide  of  threading 
dislocations1 .  They  point  out  that  if  threading  dislocations  were  the 
source  of  misfit  dislocations,  one  should  be  able  to  reduce  the 
density  of  interface  dislocations  by  limiting  the  lateral  dimension  of 
the  sample  before  growth  because  too  few  threading  dislocations 
would  be  present  to  nucleate  a  large  number  of  misfit  dislocations. 
However,  it  was  observed  that  the  number  of  misfit  dislocations  at 
the  interface  exceeded  the  number  of  misfit  dislocations  that  could  be 
generated  from  threading  dislocations2.  Hagen  and  Su  jnk 
proposed  the  interaction  of  misfit  dislocations  as  an  additional 
source  of  misfit  dislocations4,  and  Matthews  considered  the  surface 
nucleation  of  dislocation  half-loops  to  be  a  possible  explanation  for 
the  observed  dislocation  density2-3. 

Reducing  the  interface  defect  density  by  limiting  the  lateral 
dimension  prior  to  growth  should  hold  true  for  any  nucleation 
sources  that  depend  on  area,  such  as  dislocation  interactions, 
particles,  and  threading  dislocations,  as  long  as  the  misfit  is  not 
large  enough  to  generate  other  sources  of  misfit  dislocations  such  as 
surface  nucleation.  If  non-area-dependent  nucleation  sources  do 
become  active,  the  reduction  of  dislocation  density  with  growth  area 
will  still  be  observed,  but  the  lowest  achievable  dislocation  density 
will  be  higher  than  if  these  sources  were  not  active. 

To  demonstrate  this  effect,  we  have  fabricated  2-pm  high  pillars 
of  GaAs  in  a  (001)  GaAs  substrate  with  dislocation  densities  of  104 
and  1.5xl05  cm'2.  Pillars  with  a  variety  of  lateral  geometries 
(circles,  squares,  rectangles  and  triangles)  and  dimensions  (2- 
400pm)  were  fabricated  with  very  high  aspect  ratios.  A  1500A 
buffer  layer  of  GaAs  was  deposited  by  molecular  beam  epitaxy  at 
550°  C,  followed  by  3500,  7000,  and  8250  A  of  InxGa,.xAs, 
0,05<x<0.10.  All  layers  were  doped  with  Si  to  1018cnr3  to 
increase  the  intensity  of  the  cathodoluminescence  (CL)  signal.  CL 
was  used  to  determine  the  quality  of  the  interface  by  imaging  the 
dislocations  in  the  interface  plane.  CL  was  also  used  to  determine 
the  substrate  dislocation  density,  1.5x10s  cm  2  and  104  cm'2  for  the 
two  types  of  substrates  used. 

Data  from  the  circular  pillars  will  be  discussed  in  detail.  Fig. 
1(a)  is  a  CL  image  of  3500A  (>  four  limes  the  critical  layer 
thickness)  Itto.osGao  95  As  on  GaAs  (p=  1.5x10  s)  without  any  lateral 
restriction  (i.e.  >1000  pm).  The  15  keV,  80nA  electron  beam  was 
perpendicular  to  the  interface  plane.  Defects  appear  as  dark  lines  ;n 
the  image  due  to  a  decrease  in  the  amount  of  band-gap  radiation 
emitted  in  the  vicinity  of  the  defect.  There  is  such  a  high  density  of 
defects  in  Fig.  1(a)  that  we  are  not  able  to  accurately  determine  the 
dislocation  density  due  to  the  spatial  resolution  limit  of  the  CL 
technique.  In  high  defect  density  interfaces,  the  dislocation  density 
is  actually  much  higher  than  the  dark  line  defect  density3.  In  Fig 
1(a),  we  can  estimate  from  the  dark  line  defect  density  that  the  linear 
dislocation  density  is  greater  than  5000  dislocations/cm. 

Fig.  I  (b)  is  a  CL  image  of  a  circular  pillar  with  a  diameter  of  90 
pm.  On  this  pillar,  the  interface  dislocation  density  is  much  lower 
than  that  seen  in  Fig.  1(a)  for  the  large  deposition  area.  The  defect 
density  is  low  enough  so  that  each  dark  line  corresponds  to  a  single 
misfit  dislocation11’.  By  decreasing  the  lateral  dimension  further,  we 


have  eliminated  the  dislocations  at  the  interface,  as  can  be  seen  in 
Fig.  1(c),  which  is  a  67-pm  diameter  circular  pillar.  This  effect  is 
observed  in  other  geometries  as  well,  such  as  square  and  rectangular 
areas. 

The  7000A  (>8  times  the  critical  layer  thickness)  InoosGa^As 
layers  on  the  pillars  showed  similar  behavior.  As  the  lateral 
dimension  was  decreased,  the  dislocation  density  decreased  as  well. 
Although  some  improvement  in  interface  dislocation  density  for  the 
8250A  Ino.05Gao.95As  layer  could  be  seen  in  CL  images,  the 
interface  dislocation  density  remained  high  even  at  25-pm  size 
pillars. 

Fig.  2  is  a  plot  of  the  linear  dislocation  density  along  each 
<1 10>  direction  vs.  the  diameter  of  the  circular  pillars  for  the  3500A 
Ino.05Gao.95As  on  the  1.5xl05  cm  2  GaAs  substrate.  For  each 
pillar  size,  a  number  of  pillars  were  analyzed  and  an  average 
dislocation  density  was  calculated.  The  figure  clearly  shows  an 
asymmetry  in  dislocation  density  for  the  two  <1 10>  directions.  It  is 
well  known  that  misfit  dislocations  lying  along  the  two  <110> 
directions  in  a  (001)  plane  (termed  a  and  (3)  have  different  structure7 
and  mobility8.  The  a  dislocations  have  a  higher  dislocation  mobility 
and  lower  activation  energy  than  the  (3  dislocations.  The  large 
asymmetry  in  the  dislocation  densities  suggests  that  a  dislocations 
nucleate  more  readily  than  (3  dislocations. 

Another  feature  to  be  noted  in  Fig.  2  is  that  the  [1101  line  nearly 
passes  through  zero.  This  indicates  that  no  other  nucleation  sites 
that  are  independent  of  area  have  become  active.  The  linear 
dependence  also  indicates  that  no  dislocation  multiplication  is 
occuring,  since  a  power-law  dependence  would  be  indicative  of 
dislocation  multiplication.  Thus,  threading  dislocations  are  the  only 
active  nucleation  sites  on  these  pillars. 

If  we  assume  that  there  are  a  number  of  fixed  nucleation  sites  per 
unit  area  (threading  dislocations  and  surface  inhomogeneities  such 
as  particulates)  that  are  responsible  for  the  area  dependence  of  the 
linear  dislocation  density,  then  we  calculate  from  the  dislocation 
density  dependence  in  Fig.  2  a  misfit  dislocation  nucleation  site 
density  of  “2x10s  cm  2.  Recall  that  the  density  of  dislocations  in 
the  substrate  was  1.5x10s  cm  2.  The  calculated  nucleation  site 
density  is  larger  than  the  threading  dislocation  density  from  the 
substrate  due  to  particulates  at  the  interface  which  can  nucleate  misfit 
dislocations,  as  observed  with  CL. 

A  furthur  proof  that  threading  dislocations  are  the  only  operable 
source  is  shown  in  Fig.  3,  a  plot  of  a  3500A  Irig .CriS^ao ,925^s  film 
grown  on  pillars  fabricated  from  the  104  cm  2  substrate  (recall  Fig.  2 
is  data  from  the  1.5xl05  cm'2  substrate).  As  indicated  by  the  large 
decrease  in  the  slope  of  the  lines,  the  nucleation  site  density  has 
indeed  decreased.  We  calculate  from  Fig  2  a  nucleation  site  density 
of  -  4x1 04,  »  one  order  of  magnitude  les^  than  Fig.  2. 

In  conclusion,  when  depositing  epilayers  on  a  large  wafer,  one 
has  to  contend  with  nucleation  sites  across  an  entire  wafer;  the 
nucleating  dislocations  can  glide  across  the  wafer  area  resulting  in  a 
high  dislocation  density.  Also,  many  dislocation  interactions  occur 
and  result  in  additional  misfit  dislocations.  The  reduction  in  lateral 
dimension  reduces  the  interface  dislocation  density  by  decreasing  the 
number  of  active  nucleation  sites  within  that  area  and  by  preventing 
dislocation  multiplication  by  minimizing  the  distance  a  dislocation 
must  travel  to  reach  a  free  edge. 
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To-date,  various  metnods  have  been  employed  to  reduce  the 
dislocation  density.  One  of  the  more  successful  techniques  is  the  use 
of  strained  layer  1^1.  The  principal  goal  for  using  a  strained  layer  as 
a  defect  reduction  tool  is  to  apply  the  inlet  facial  strain  to  glide  out  of 
the  wafer  pre-existing  threading  dislocations  before  they  enter  the 
electronically  active  device  layer.  The  main  source  of  force  acting  on 
the  dislocation  line  that  extends  from  the  substrate  comes  from  the 
mismatch,  f,  between  the  film  and  substrate  lattice  parameters.  The 
strain  energy  associated  with  this  mismatch  is  proportional  to  layer 
thickness  until  the  critical  thickness.  hc,  is  reached  at  which  the 
substrate  dislocations  glide  along  the  interface.  These  interfacial 
misfit  dislocations  accommodate  pan  of  the  lattice  mismatch  and 
decrease  the  energy  of  the  layer/substrate  system. 

Other  problems  which  has  to  be  addressed  while  discussing 
misfit  relaxation  phenomena  is  substrate  surface  imperfection  which 
exist  prior  growth,  and  non  uniformities  in  composition  and 
thickness  during  growth.  These  are  additional  sources  of  local 
stress,  where  new  dislocation  may  be  formed  14-H  The  predominant 
mechanism  for  dislocation  formation  appears  to  be  surface  sources, 
for  example  contamination,  surface  microstruciure.  or  other  surface 
perturbations  that  cause  the  local  stress  to  increase  above  the  average 
value  resulting  from  mismatch.  In  this  case  the  dislocation 
nucleation  may  occur  at  lower  value  of  misfit,  i  e  at  lower  hti  than 
that  suggested  by  theories  assuming  a  perfect  surface.  This  may  also 
explain  why  observed  dislocation  densities  are  frequently  higher 
than  predicted  by  theories  The  build  up  anil  relaxation  of  lattice 
misfit  strain  is  then  one  of  the  main  problems  associated  with  the 
growth  of  hcteroepitaxtal  structures 

After  nucleation  ol  misfit  dislocations  the  residua!  strain  mav 
continue  to  be  a  driving  force  for  gliding  pre  existing  substrate 
dislocations,  depending  on  the  *er  ity  ot  misfit  dislocations  formed 
at  the  interface  The  residual  interfacial  strain,  c.  t  un  lx*  espressed 
by  the  average  dislocation  spacing  p  or  dislocation  density  p  in  the 
following  way 

b  \,  !. 

*•'  -  f  —  -  f  ~~  P 

r  4  ,i, 

r  =  f  b„  p, 

the  Burger  vector. 

the  average  length  of  dish*,  anon  Une 
the  linear  density  of  dislocations 


Depending  on  the  number  of  nucleated  dislocations  the  stress 
decreases  more  or  less  rapidly.  The  dependence  of  density  pi  on 
layer  thickness  h  can  be  approximated  by  the  following  experimental 
formula: 


P  = 


(2) 


The  parameter  A  in  eq.  (3).  can  be  correlated  with  the  total  density 
of  misfit  dislocations  which  can  be  formed  either  from  preexisting 
threading  dislocations  or  surface  nucleated  dunng  epilayer  grow  th. 
Fig  1  plots  the  misfit  strain  vs.  thickness  dependence  calculated 
from  eq.  (1)  and  (2)  for  different  values  of  A.  The  shape  of  this 
curve  can  be  adjusted  io  match  literature  data  I--6!  simply  by 
adjusting  the  value  of  A. 

The  strain  energy  EJf  associated  with  interfacial  strain  may¬ 
be  expressed  as  1*1: 


with: 

£  =  f  for  h  <  he 

£  =  f  -  d  for  h  >  hc 


where: 


v 

£ 

d 


-  the  shear  modules. 

-  Poisson's  constant. 

the  residual  interfacial  misfit  strain 

-  the  misfit  accommodated  by  dislocations. 


The  strain  energy  vs.  thickness  calculated  using  (3)  and 
misfit  c  from  Fig.  1  is  shown  in  Fig. 2.  The  critical  thickness  was 
calculated  using  Mathews  model  |X‘.  For  low  A  values  the  gradient 
of  strain  energy  increase  is  slower  once  hL-  is  exceeded  However, 
note  that  following  misfit  dislocation  formation  at  low  densities  the 
average  residual  energy  still  increases  with  layer  thickness,  whereas 
for  high  A  values  there  is  a  sudden  decrease  ot  interfacial  energy 
below  the  energy  level  corresponding  to  hv  We  may  intnxiuce  the 
critical  value  Av  of  parameter  A  at  which  the  strain  energy  gradient 
changes  sign  I'nul  the  value  of  A  is  below  At.  one  can  assume  that 
there  is  still  a  driving  force  available  at  the  interface  to  glide 
djskxaitons  out  of  the  wafer  This  behas  io:  of  strained  s\  stems  was 
observed  for  example  in  Kef  [4|  T  he  dramatic  decrease  ot  energv 
for  A>\  w  ill  reduce  the  effectiveness  ol  delect  rediu'ion  .md  mas 
even  lead  to  defect  multiplication  1  v  It  is  there  tore  vers  impoiVe.ii: 
to  lx-  able  to  estimate  the  expected  value  ot  A  tor  the  investigates! 
structure  prior  to  epilayer  growth  The  number  ol  substrate 
threading  dislocations  which  influence  (he  \  alue  of  A  can  he  found 
out  using  nondestructive  X  r.i\  topographs  More  diltwii!’t  to 
estimate  is  the  density  ot  sm»a*e  sources  or  value  of  he  a' 
variations  The  approximate  value  of  \  due  to  these  wirta*e  sondes 
can  be  found  hv  crowns  ,>  test  structure  wnt  thi^k-'ess  ot  seamed 
lave!  higher  than  h,  expected  lor  mistmu  h  Iliee  \  t.iv  and  .  '•  ■■r.gr 
voile*. !i'«n  imaging  in  x  .trutfig  clc*  iron  micros o;v  s  *.*■  V  ;sed  to 
pro* tile  a  depth  dependent  malvs:>  o*  ;he  hetefostru,.  t.itvs 


where  h,, 
I. 
Pf 


In  conclusion,  it  is  our  aim  to  correlate  a  simplified 
theoretical  model  with  experimental  data  for  a  variety  of  strained 
layer  systems,  and  to  distinguish  various  sources  of  stress  relaxation 
and  their  influence  on  defect  propagation. 
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Thickness  [A] 

Fig.  1.  Elastic  interfacial  strain  as  a  function  of  strained  layer 
thickness  for  different  values  of  parameter  A  from  eq.  (2). 


Thickness  [A] 


Fig.  2.  Elastic  strain  energy  as  a  function  of  strained  layer  thickness 
calculated  from  misfit  strain  from  Fig.  1 . 
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The  interaction  of  surface  misfit  and  steps  at 
crvstal  surfaces 

J.H.  van  der  Hen/e  and  W.H.  Kunert 

iJepurzn eni  of  Physic'S,  UnCjei'si i*/  jf  -Tv  lOiK-i 


Because  of  the  surface  induced  electronic  pertur¬ 
bations  the  equilibrium  atomic  spacings  of  surface 
mono-  or  multilayers,  when  cut  off  from  the  sub¬ 
strate  interaction,  will  differ  from  those  of  the 
bulk.  This  surf  tee  misfit  (f)  places  the  surface 
layers  under  stress.  They  relax  freely  normal  to 
the  crystal  surface  by  multilayer  relaxation,  but 
laterally  they  are  commonly  constrained  to  the  hulk 
spacings.  Hence,  when  a  surface  step  is  formed  some 
relaxation,  accompanied  by  the  generation  of  "ap¬ 
plied"  stresses  (Fig.l),  occurs  in  the  vicinity  >f 
the  ledge  defined  by  the  step.  This  paper  reviews 
the  phonomenologi cal  modelling  of  these  applied 
stresses  and  the  prediction  of  their  mechanical 
propert ies  (1,2), 

Simplification  is  achieved  by  assuming  that  t  i ) 
tin*  misfit  is  restricted  to  the  upper  monolayer 
(ML),  (ii)  the  crystal  has  simple  cubic  structure 
(lattice  constant  a),  (iii)  the  surface  considered 
is  a  (001)  piano,  (iv)  the  ledge  is  long  and 
straight,  (v)  the  crystal  behave  as  an  isotropic 
elastic  continuum  (shear  modulus  ..  and  Poisson's 
ratio  ,),  and  that  (vi)  to  begin  with,  the  ledge  is 
along  the  cube  axis.  We  define  the  lateral  <  f  )  and 
normal  (f^)  misfits  as 

f  *  fx  «  f  •  u"  f?  -  (a”  -.ll/a,  (l! 

where  and  are  the  (free)  equilibrium  spacings. 

The  surface  stress  comprize  s  shears  :(x)  arid  T(x) 
and  a  normal  stress  N(x).  The  stress  Ux)  between 
the  upper  terrace  Ml.  and  crystal  has  been  expressed 
as 

:(x)  =  -.  exp  (-.x),  0  for  x  -0,  x  U,  (2) 


(ii)  the  strains  from  ilookinn  relations, 

«  -  (  <!-■>  ■  I/-'..,  e  - 

XX  XX  zz  xz  .c. 

(iii)  the  displacements  u  and  w  iron  into 
u ( x ,  z )  =u  +J  ■  (  -u/’-x)dx  +  l  -u/  -z)dz 


and  (iv)  the  strain 


ergy  K  as 


K  =  /  dx!  •  i  (x)  +  T(x)  u(x,0)  *  N(x)w<x,0)] 


done  by  the  surface  stresses  (.!)  -  ( 4  >  . 

Of  special  interest  is  the  decay  of  the  stress 
fields  with  distance  from  the  step.  The  asynptot : 
forms  of  the  fields  show  that  the  .  antr  i  but  i  on  f  r<. 
N(x)  decays  with  distance  r  from  the  ledge  as 


b  /r  57  a  /r  ,  those  from  (xi  and  T< 
as  "a/'r  58  ..a/r,  but  that  these  first 
cancell  each  oilier.  Their  next  order 
(;a/"r)'  and  are  thus  of  longer  cance 
N(x).  The  inverse  square  decay  is  ch 
the  dipolar  character  of  the  surface 
The  strain  energy  in  Kq  .  <  ^ '■  -  >r.  be 
of  sine,  cos  ini1  and  exponential  ii;  i 


order  torn;- 

term-:  decay 

than  that  c  : 
.trader;  st  i 
a  tr«sse-s 


furthermore  adopt  the  appr.  xtn.it  i  ns 


•  =  2  ',  d  =  b  *  a ,  .  --  Id,  jud 

e  "V.  i  ( X )  +  e’XKi '  -X  >  2  It.'-*  •  nx  i  ;  x  t  , 

where  ('  is  Killer’s  constant,  strain  energy 

approximates  to 


E  %  >2  1  ii :  'i  .  j  .  a  : 

/  x  x  x 

shoving  that  the  influence  of  the  r.:s:i: 

negligible  c.ui  tiial  otherwise  tiie  strain.  energy 

proportional  to  f  . 

x 

<’f  interest  i  s  ri  e  energy  •  •  f.-rm.-.t  io*<  •  . 

and  its  depend,  n,e  on  in, ! i nut ; on  wit:,  t . :  e 
axes.  L  cm.pr  i  .:e  » ,  mi  the  <trmi  .::,r.y  1  in 
*11),  t.t»)  t  s  '•  tin'  increase  ^  o;  *  h,  ;:n,  rf.t.  :  t. 
energy  of  disrc.tistry  and  'ii)  t de.re  s--. 


at  suber  ideal  misfits  of  about  47  or  less, 

*  "/■  a,  :  =  2“(  I  ♦  .  )..f  /  ( 1  - . )  •' ,  ;  *  2~,  and  •  de¬ 
pends  on  the  stiffness  of  the  Ml.  and  its  bond  with 
the.  substrate-.  The  stress 

T(:j)  =  — p  cos  ~  ,  0  for  x  :  t  ,  f  -4  0> 

d  d  2  2 

with  T(  =  .  /2c,  is  generated  by  the  Ml.  of  the  lower 
terrace  an<l  has  a  rang,-  of  only  atomic  dimensions 
id  "a).  The  stress 


strain  energy  --tor,  d  in.  tt.<  upp,  r  bet:, 
of  the  relaxation  that  r-.it-d  t:.<  s-srfa.  , 
<2)  -( 4)  and  <  »*'»  the  st;rfa.  e  :r,,  , n,  r 
exposed  lodge-  .  The  main  >.  or.,  1  u.s  i  on  is  li.r. 
iomin.-nt;  it  *onsii;atos  about  °f'“  :•  .. 

almost  entirely  t  h.  dependence  or.  -  i ! • 

at  ■  = 0. 

1  lie-  extension  .j  t  tie  :  'regoing  -.a  i ,  -a  .  at  i  ' 
of  steps  of  .-pposltf  s.-nse,  and  to  .  ive.  tl 


‘M  y  -  jn  /  2  X.  j,  _  \,  '  ^ 

■  h  ’  b  f  *  A  7 

change  -.  -ign  it  the  :.te*>,  has  N  -  l  . i /  * ,  and  is 

'>  z 

likewise  of  atomji  range  <b  *  a).  {  and  N  follow 

s  r«a  force  ba  i  an.; e  t:. insider, it  i  one  . 

Ibis  boundary  value  probl*:\  h.i ii  s.-lveti  !.>r  t 
-.t  tes.e  :  induced  in  the  ■  I'-stal,  U;.  jug  Ail'V  <!  tes.- 
tun  ti  >:i  formalism  and  j'.‘urier  t  rinsf  .-rn  s .  Ils.  pri¬ 
mary  gvai  wa-i  achieved  in  fin,im.-  tie  Airv  -X  r- 
S  'itt>  t  i  <a. 


1  i  ‘Li 


n id  i  1  .  ./till  it.  r.  . 


fan  II.  van  d.  r  Me t  v, 

Ian  H.  van  der  Verv 
iifr,  1  ■  i  :  ■  . 
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STRAIN  AND  CRITICAL  THICKNESS 
IN  GaSb/AlSb:  AN  ION  CHANNELING  STUDY 

H.-J.  Gossmann.  G.  P.  Schwartz, 

B.  A.  Davidson,  and  G.  J  Gualtieri 
AT&T  Bell  Laboratories,  Murray  Hill,  N.J.  07974 

The  GaSb/AlSb  system  is  an  excellent  system  for  the  study 
of  optical  and  electronic  properties  in  strained  layers.  While  its 
lattice  mismatch  is  small  enough  to  make  pseudomorphic  over- 
layers  with  thicknesses  in  the  range  of  100  A  possible,  the 
mismatch  is  non-zero.  It  is  one  of  the  test  systems  for  theories 
of  heterojunction  band  lineups  and  is  also  of  practical  importance 
since  it  can  operate  in  the  low  loss  region  of  optical  fibers  Due 
to  its  high  reactivity,  however,  data  on  structures  involving  AlSb 
is  rare.  In  this  paper  we  will  report  on  the  determination  of 
strain  and  critical  thickness  in  thin  films  of  AlSb  on  GaSb(lOO) 
by  a  combination  of  ion  channeling  techniques  and  particle 
induced  x-ray  emission  PIXE). 

Samples  were  grown  by  molecular  beam  epitaxy  under 
group- V  stabilized  conditions.  Due  to  the  extreme  reactivity  of 
AlSb  a  cap  of  =150  A  Be  was  used  which  satisfied  the  following 
requirements:  (1)  Prevention  of  oxidation  of  the  AlSb  film.  (2) 
Minimization  of  steering  effects  of  the  incident  ion  beam 
through  an  amorphous  or  polycrystalline  structure.  (3)  Minimi¬ 
zation  of  multiple  scattering  effects  through  use  of  a  material  of 
low  atomic  number.  (4)  No  interference  of  the  x-ray  spectrum 
of  the  cap  with  that  of  the  substrate  and  film  x-ray  lines.  (5)  No 
interference  with  the  strain  and  the  quality  of  the  film. 

Strain  was  determined  using  ion  channeling  techniques  as 
shown  in  Fig.  iJ1*  121  131  Basically  the  channeling  experiment 
measures  the  alignment  of  a  particular  crystallographic  axis  in 
the  film,  <110>  in  this  case,  with  respect  to  the  equivalent  axis 
in  the  substrate.  If  we  assume  in  Fig.  1  a  substrate  of  atoms  A 
with  bulk  lattice  constant  a  and  an  overlayer  of  atoms  B  with 
bulk  lattice  constant  h  >  a  then,  in  the  case  of  perfect  strained- 
layer  epitaxy,  fry  =  a.  Since  the  B  lattice  is  compressed  in  the 
interface  plane,  the  lattice  constant  normal  to  the  interface  will 
change  dependent  on  the  elastic  constants  of  the  overlayer 
material,  generally  expanding,  so  that  h L  >  a.  Although  the 
[OOT I  type  channels  are  aligned  in  substrate  and  overlayer,  this  is 
no  longet  true  for  off-normal  channeling.  Off-normal  channeling 
directions  in  overlayer  and  substrate  will  differ  by  a  finite  angle, 
the  tetragonal  distortion  angle,  which  is  directly  related  to  the 
amount  of  strain  in  the  film.  The  channeling  directions  in  bulk 
and  overlayer  were  determined  by  monitoring,  as  a  function  of 
incident  angle,  the  x-ray  yield  from  Sb  and  A1  respectively, 
induced  by  the  incident  ion  beam  (PIXE). 

In  Fig.  2  we  have  plotted  the  measured  tetragonal  distor¬ 
tion  angle  for  films  of  varying  thickness.  The  scatter  in  the  data 
gives  an  indication  of  the  absolute  accuracy  as  well  as  of  the 
reproducibility  of  the  entire  experiment.  The  arrow  denotes  the 
tetragonal  distortion  expected  on  the  basis  of  Poisson’s  number 
for  AlSb.  The  agreement  is  very  good.  Beyond  =175  A  the  dis¬ 
tortion  angle  begins  to  drop  from  the  expected  value,  i.c.  the  film 
thickness  has  exceeded  the  critical  thickness  and  misfit  disloca¬ 
tions  begin  to  relax  the  strain.  Note  (hat  the  film  docs  not 
immediately  relax  completely  but  a  significant  amount  of  strain 
remains  even  beyond  500  A.  The  measured  critical  thickness  is 
in  very  good  agreement  with  the  value  calculated  from  the  recent 
theory  of  Dodson  and  Tsao.  * 


2.  S.  T.  Picraux,  L.  R.  Dawson,  C.  C.  Osbourn.  R.  M.  Biefeld  and  W.  K. 
Chu.  AppI.Phys.UlL  43.  1020  (1983);  W.  K.  Chu.  C.  K.  Pan  and  C.-A. 
Chang.  Phys.Rcv.B28. 4033  (1983). 

3.  H.-J.Gossmann  and  L.C.Feldman.  MRS  Bulletin  12(6).  30  (1987). 

4.  B.  W.  Dodson  and  ).  Y.  Tsao,  Appl.Phys.Uu.51.  1325  (1987). 
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Fig.  1.  Schematic  side-view  of  a  diamond-type  (100) -oriented 
substrate  (open  circles,  lattice  constant  a  )  with  an  epitaxial  dia¬ 
mond  type  overlayer  (closed  circles)  of  lattice  constant  b  on  top. 


GaSOt'CC'  A  Sb 


1  W  K  Chu.  i  W  Mayer.  M  A  Niiolet.  Baiksi  altering  Spectrometry. 
Academic.  Now  York.  I**7H.  I  C  leldman.  J  W  Mayer  and  S  1 
Puranx.  Material-*  Analysis  by  Jm.  Channeling.  Academic,  New  York 
|VtO 


fig  2  Tetragonal  distortion  of  thin,  single  films  of  AlSb  on 
(iaSh  as  a  function  of  thickness  The  arrow  indicate'  the  sal  tie 
expected  on  the  basts  of  the  theory  ol  elasticity 
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Superlattice  Characterization  using 
Raman  Scattering 
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Murray  Hill,  NJ  07974 


During  the  last  ten  years  Raman  scattering  has  begun  to  be 
used  to  characterize  semiconductor  superlattice  and  quantum  well 
structures.  Various  types  of  structural  information  are  contained 
in  the  spectra.  In  this  work  we  have  examined  zone-folded 
acoustic  modes  and  quantum  confined  optic  phonons  in  periodic, 
quasiperiodic,  and  aperiodic  structures  in  order  to  assess 
parameters  such  as  the  period,  individual  layer  widths,  interfacial 
diffusion,  and  layer  width  variations. 

The  samples  were  all  GaSb/AlSb  lattices  grown  by  molecular 
beam  epitaxy  using  elemental  sources.  Raman  spectra  were 
taken  using  5145  A  excitation  in  conjunction  with  a  1 -meter 
double  monochromator  and  standard  pulse  counting  electronics. 

The  period  d=di+d2  in  superlattice  structures  can  be  obtained 
from  analysis  of  the  frequencies  of  zone-folded  longitudinal 
acoustic  modes  (1).  An  elastic  continuum  dispersion  relation 
was  employed  to  fit  the  folded  mode  spectra  in  ordeT  to  obtain  d. 
Comparison  with  x-ray  diffraction  (2)  shows  that  the  period  can 
be  obtained  within  2-3%  in  most  cases  even  when  the  presumed 
ratio  of  djAh  based  on  nominal  growth  rates  was  somewhat  in 
error.  The  period  of  quasiperiodic  Fibonacci  lattices  was 
similarly  extracted  from  an  approximate  dispersion  relation  (3) 
and  also  gave  good  agreement  with  x-ray  diffraction. 

For  off-resonance  scattering  the  Raman  count  rates  are 
typically  on  the  order  of  30-80  counts/sec/watt.  so  data  collection 
is  relatively  slow  by  most  standards.  With  most  conventional 
spectrometers  one  is  also  limited  by  how  close  the  elastic  peak 
can  be  approached,  and  this  tends  to  limit  the  superlattice  period 
to  values  less  than  200-250  A.  On  the  other  hand  since  GaSb  is 
strongly  absorbing  in  the  visible,  relatively  thin  lattices  can  be 
analyzed.  We  have  examinedfor  instance  a  5  layer  structure 
whose  total  thickness  was  170  A  with  no  particular  difficulty. 

The  intensities  of  the  zone-folded  Raman  peaks  were  also 
analyzed  in  periodic  structures  in  order  to  supplement  our 
knowledge  of  the  nominal  growth  rates  which  dictate  d|  and  d2 
individually.  All  analytic  expressions  for  these  intensities 
involve  rather  restrictive  approximations  (1,3)  and  our  analysis 
shows  that  even  the  most  current  models  are  incapable  of 
properly  fitting  the  data.  Comparison  with  x-ray  modeling  (2) 
on  samples  with  well  defined  d\  and  d2  values  indicates  that  the 
Raman  intensity  analysis  of  d)  Ah  can  be  in  error  by  20% 

Symmetry  forbidden  peaks  lying  near  the  superlaitice  zone 
boundary  have  been  detected  in  select  samples.  In  order  to 
assess  the  origin  of  these  peaks,  a  series  of  weakly  aperiodic 
lattices  were  grown  and  analyzed  in  which  deliberate  layer  width 
variations  were  introduced  in  both  systematic  and  random 
fashions.  In  both  cases  strong  zone-boundary  modes  were 
observed.  We  conclude  that  layer  width  variations  can  manifest 
in  the  acoustic  Raman  spectra  as  symmetry  forbidden  peaks. 
Smaller  fluctuations  in  the  layer  widths  can  also  be  detected  via 
the  increased  linewulth  of  successive  folding  order  doubletv 


Iruerfacial  diffusion  has  been  studied  by  growing  periodic 
lattices  with  one  of  the  layers  constrained  to  be  on  the  order  of  4 
monolayers  thick.  Significant  interdiffusion  would  result  in 
alloying  which  would  broaden  and  shift  the  optic  mode  of  that 
layer  (GaSb)  in  a  well  defined  fashion.  Narrow  GaSb 
longitudinal  optic  modes  are  observed  whose  only  frequency 
shift  is  associated  with  quantum  confinement.  We  conclude  that 
at  our  growth  temperatures  (490-5 10C),  significant  interdiffusion 
does  not  occur. 
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Structural  and  Optical  Properties  of  Highly 
Strained  InAsxPi-x/InP  Heterostructures 

R.P.  Schneider,  Jr.,  D.X.  Li  and  B.W.  Wessels 
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Strained-layer  superlattices  (SLS)  and  single 
quantum  well  structures  (SSQW)  are  of  interest  be¬ 
cause  they  allow  greater  flexibility  in  the  choice 
of  semiconductor  materials  for  numerous  electronic 
and  optical  device  applications.  Many  aspects  of 
the  growth  and  properties  of  these  structures,  how¬ 
ever.  are  not  well  understood,  particularly  in  the 
limit  of  large  strains.  In  this  limit,  growth  may 
not  proceed  layer-by-layer  but  instead  island  growth 
may  occur, (D  reducing  interface  abruptness  and  crys¬ 
talline  quality.  In  addition,  coherent  strain  has 
significant  influence  on  the  electronic  and  optical 
properties  of  the  material.  In  the  current  investi¬ 
gation,  we  have  studied  the  preparation  and  proper¬ 
ties  of  XnAsxPi-x/InP  SLS  and  pseudomorphic  SSQW 
structures  with  relatively  large  strains  (1.6-2. 5%). 
The  InAsP  ternary  system  is  of  potential  interest 
for  optoelectronic  applications  in  the  0.9  -  3um 
wavelength  range.  The  InAsP  alloy  structures  are 
readily  prepared  in  a  simple  atmospheric  pressure 
organometal  1  ic  vapor  phase  epitaxy  (OMVPE)  reactor .  ( 2 ) 

The  InAsP/lnP  structures  were  grown  on  (100) 

InP  using  the  reactants  trimethyl  indium  (TMIn), 
arsine  and  phosphine.  The  growth  rate  of  the 
samples  was  varied  between  2 A/sec-SA/sec  by  controll¬ 
ing  the  molar  flow  rate  of  TMIn  in  the  reactor.  A 
V/III  ratio  of  200  yielded  a  featureless  surface 
morphology  at  a  growth  temperature  of  600°C.  The 
PH3/A.SH3  ratio  was  varied  between  50  and  160  to 
yield  InAsxPi_x  with  composition  of  x  =  0.5  -  0.8, 
corresponding  to  lattice  mismatch  between  1.6-2. 5?. 

The  Duffer  layer  between  the  substrate  and  the 
superlattice  was  TnP.  For  the  SLS  structures,  the 
superlattice  period  ranged  from  between  22-140A,  while 
for  the  SSQW  structures,  the  InAsP  well  thickness 
was  varied  in  the  range  of  10-160A.  The  samples  were 
cheT-acter i /ed  by  photoluminescence  spectroscopy 
(PL),  x-ray  diffraction  ( XRD)  and  high-resolu¬ 
tion  transmission  electron  microscopy  (HRFM). 

Fig.  1  shows  a  HR EM  lattice  image  of  an  TnAsQ.7 
pn.3/JnP  SLS  with  a  period  of  56A.  The  interfacial 
abruptness  is  estimated  to  be  1  -  2  monolayers  de¬ 
spite  strain  of  2.2%  between  the  layers,  indicating 
planar  ( 1 ayer -by- 1 ayer )  growth  occurs  in  this 
system  even  with  large  strain.  In  fact.  PL  emission 
peaks  shown  in  Fig.  2  for  SLS  structures  grown  with 
InAsxP] _x  compositions  as  high  as  x  -  0.8  and 
pcriodiritv  of  50A  showed  no  appreciable  broadening 
with  increased  arsenic  concent  rat i on .  The  spectral 
half-width  is  in  the  range  25  -  39roeV,  supporting 
that  the  interfaces  of  those  structures  are  also 
abrupt  to  within  l  or  2  monolayers.  The  observed 
ha  1  f  width  is  (iptnrmincd ,  in  part,  by  fluctuations 
in  layer  thickness.  That  such  uniform  growth  occurs 
even  for  very  large  strains  of  2.5T  makes  this  system 
of  particular  interest  for  application  in  strained- 
layer  heterostructures. 

Pseudomorph ic  SeQWs  of  InAsP  were  also  pre¬ 
pared.  The  structures  consisted  of  wells  of  various 
thickness  f|o  I6i'A*  between  600A- thick  InP  harriers. 
The  1 um 1 ne sconce  from  these  veils  was  intense,  with  a 
narrow  spectral  half -width  of  17  moV  for  a  2 5 A  well 
again  indicating  abrupt  helero  interfaces .  large 
sh  1  ‘  in  the  energy  of  emission  from  the  wells  were 
observe  |  with  do'' reading  well  thickness,  resulting. 


in  part,  from  quantum  confinement.  The  emission 
energy  for  a  InAsp.  53P().47^nP  SSQW  structure  was 
calculated  as  a  function  of  well  thickness 
using  a  finite  well  model. (5).  The  effect  of  strain 
was  taken  into  account  using  the  simple  relationship 
AEg  =  -a c  where  AEg  is  the  change  in  the  energy  gap 
due  to  strain,  a  is  a  proportionality  constant  re¬ 
lated  to  the  elastic  constants  and  deformation 
potentials  of  the  material,  and  c  is  the  strain  in 
the  well. (4)  The  observed  emission  energies  from 
the  SSQW  structure  are  plotted  in  Fig.  3  along  with 
the  calculated  values.  Excellent  agreement  is  noted 
between  the  experimental  and  calculated  values. 


This  work  wa9  supported  by  the  Materials  Research 
Center  at  Northwestern  University  under  Contract 
NSF  (DMR-8520280) . 
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Fig.  1.  HR  EM  images  of  TnAsn .  7p0 .  *j/InP  SLS.  Super¬ 
lattice  period  is  56a.  Dark  layers  are  InAsn.7p0.1> 
light  layers  are  InP. 
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High  Resolution  Transmission  Electron  Microscopy 
of  InAsxPi-x/^nP  Heterostructures 

D.X.  Li,  R.P.  Schneider,  Jr.,  B.W.  Wessels 
and  W.A.  Chiou 

Materials  Research  Center,  Northwestern  University 
Evanston,  Illinois  60208 

Strained-layer  superlattices  (SLS)  and  single 
quantum  well  (SSQW)  structures  may  exhibit  a  com¬ 
plex  morphology  and  defect  structure,  particularly 
in  the  limit  of  large  strains.  Dislocations  may 
form  at  interfaces  if  the  critical  layer  thickness 
for  dislocation  formation  has  been  exceeded.  The 
structure  and  propagation  of  these  dislocations  can 
be  influenced  greatly  by  large  strain  fields 
present.  For  example,  filtering  of  dislocations 
by  SIS  structures  has  been  observed.  O)  This  en¬ 
ables  preparation  of  highly  coherent  structures 
despite  large  lattice  mismatch.  In  the  present 
study,  we  have  investigated  highly  strained  InAsx 
Pl-x/InP  SLS  and  SSQW  structures  using  high-re¬ 
solution  electron  microscopy  (HREM).  Since  HREM 
allows  resolution  on  the  atomic  scale,  it  is  ideal 
for  the  study  of  the  interface  and  defect  structure 
of  the  strained  layers. 

Samples  were  grown  by  atmospheric  pressure 
organometal lie  vapor  phase  epitaxy  (OMVPE)  on  (100) 
InP  substrates  at  600°C.(2)  Growth  rates  of 
2  -  8A/sec  were  used.  The  compositions  of  the 
rnAsxPi-x  layers  in  the  structures  were  varied  from 
x  =  0.6  -  0.8,  corresponding  to  a  lattice  mismatch 
of  1.9  -  2.5%.  Superlattice  periods  were  between 
22A  and  140A.  Well  thicknesses  in  the  SSQW  struc¬ 
tures  were  10A  -  160A.  No  graded  buffer  layer  was 
used,  thus  the  superlattice  structure  as  a  whole 
was  lattice  mismatched  to  the  underlying  substrate. 
The  total  thickness  of  the  heterostructure  was 
typical ly  0.5  pm. 

Cross-sectional  specimen  preparation  entailed 
cleaving  the  samples  into  0.5mm  x  1.0mm  pieces, 
then  bonding  the  two  pieces  together  with  epoxy 
and  embedding  them  in  epoxy  contained  in  a  copper 
ring.  Specimens  were  subsequently  mechanically 
thinned  and  argon  ion  milled.  Ion  current  density 
and  accelerating  voltages  for  ion  milling  were 
optimized  to  minimize  damage  to  the  samples.  The 
high-resolution  images  were  obtained  with  a  Hitachi 
H-9000  electron  microscope  operating  at  300kV  with 
a  point  to  point  resolution  of  1 .9A. 

Fig.  1  shows  a  HRF.M  lattice  image  of  an  In  A. so,  7 
Po.^/InP  SLS  with  a  5fiA  period  and  the  corresponding 
electron  diffraction  pattern.  The  measured  period 
obtained  from  the  satellite  spots  on  the  electron 
diffraction  pattern  agrees  well  with  that  obtained 
from  growth  rate  and  x-ray  diffraction  measurements. 
The  dark  and  light  regions  which  are  visible  in  the 
lattice  image  correspond  to  InAsP  and  InP  layers, 
respectively.  This  image  clearly  shows  the  inter¬ 
faces  are  coherent  and  defect  free,  despite  the 
lattice  mismatch  of  2.2%. 

Since  the  total  thickness  is  0.5  wm,  the 
structure  is  well  beyond  the  calculated  critical 
thickness  nf  hc  -  6004  for  dislocation  format  ion^' 
for  an  InAsn , 3P0 , 7  laver.  Thus  dislocations  are  ex¬ 
pected  to  fnrm  at  the  SLS/TnP  buffer  layer  interface. 
Indeed,  as  shown  in  Fig.  2,  dislocations  are  pre¬ 
sent.  vet  they  .ire  effectively  filtered  out  of  the 
SIS  structure  within  a  few  periods.  It  is  clear 
that  short -period  InAsx Pj  _ x / InP  SI. 5  structures  are 
verv  effective  in  blocking  the  propagation  of  mjs 


Fig.  3  shows  a  TEM  image  of  a  multilayer  struc¬ 
ture  grown  to  determine  the  critical  thickness  and 
defect  structure  of  the  InASyPl-x/InP  heterostruc¬ 
tures.  The  structure  consists  of  a  series  of 
lnAso-5Po.5  layers  of  thickness  200A,  300A,  350A, 

400A  and  500A  grown  between  600A  InP  layers.  Mis¬ 
fit  dislocation  formation  is  only  observed  for  layers 
of  thickness  greater  than  300A,  in  reasonable  agree¬ 
ment  with  the  theoretical  prediction  of  Matthews  and 
Blakeslee . ("O 

The  types  of  dislocations  present  in  the  hetero- 
structures  were  studied.  An  HREM  image  of  an  extended 
misfit  dislocation  is  shown  in  Fig.  4  for  the  multi¬ 
layer  structure.  The  dislocation  image  shows  a 
highly  localized  core,  indicating  that  the  disloca¬ 
tion  line  is  exactly  normal  to  the  image  plane.  Al¬ 
though  HREM  images  show  only  the  projection  of  the 
displacement  of  the  lattice  planes  for  the  disloca¬ 
tion  core,  the  Burgers  vector  can  be  determined. 

Fig.  4  shows  the  Burgers  circuit  drawn  around  the 
Shockley  partial  dislocation.  The  Burgers  vector 
projected  onto  the  (110)  plane  is  (1/6)  of  the  pro¬ 
jection  of  the  f  1 1 2 ] .  which  is  the  projection  (1/6) 
[112).  Therefore,  we  may  conclude  that  the  end  of 
the  misfit  dislocation  is  a  Q0°  Shockley  partial. 

In  addition,  the  stacking  fault  between  the  90°  par¬ 
tial  and  the  surface  is  determined  to  be  intrinsic. 

The  bright  spots  in  the  HRFM  image  correspond  to 
structural  channels.  The  stacking  fault  sequence  is 
A0CBCA ,  ard  the  fault  vector  is  (-l/3)[lll). 


This  work  was  supported  by  the  Materials  Research 
Center  at  Northwestern  University  under  Contract 
NSF  (DMR -9 520280). 
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Fig.  3.  TF.M  image  showing  misfit  dislocations 
generated  when  the  thickness  of  the  TnAsQ.” 
PO.5  layer  exceeded  300A.  Arrow  indicates 
the  350A  layer. 


Fig.  1.  Lattice  image  in  the  flJO]  projection 
and  electron  diffraction  pattern  of  an  TnAsn.7 
Po.l/InP  SLS  with  period  56  A.  Arrows  indicate 
the  super Jatl ice  satellite  spots  in  the  dif¬ 
fraction  pattern. 
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Core  Level  Photoemission  Measurements 
of  Heterojunction  Valence  Band  Offsets 
in  Highly  Strained  Systems 
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M.  S.  Hybertsen,  J.  Bevk,  J.  P.  Mannaerts, 
and  R.  G.  Nuzzo 

AT&T  Bell  Laboratories 
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Core  level  photoemission  constitutes  one  of  the  primary 
methods  for  determining  valence  band  offsets  in  lattice-match 
heterojunctions.  In  lattice-mismatched  couples  which  exhibit 
pseudomorphic  epitaxy,  either  one  or  both  of  the  heterojunction 
layers  will  be  under  biaxial  stress  depending  on  the  relative  layer 
thicknesses  and  choice  of  substrate/buffer.  In  this  case,  core 
levels  referenced  to  the  top  of  their  strain-split  valence  bands  are 
expected  to  explicitly  depend  on  strain.  In  the  present  work  x- 
ray  photoemission  core  level  measurements  have  been  performed 
on  pseudomorphically  strained  heterojunctions  consisting  of  Si 
on  (100)  Ge  and  Ge  on  (100)  Si.  Raman  spectroscopy  was  used 
to  verify  the  strain  resulting  from  the  4.2%  lattice  mismatch,  the 
core  level  measurements  were  supplemented  by  calculations  of 
the  relative  core-valence  band  deformation  potentials.  These 
results  together  with  the  uniaxial  splitting  of  the  valence  bands 
yields  valence  band  offsets  of  0.75±0.13  and  0.1610.13  eV  for 
Ge  on  Si  and  Si  on  Ge  respectively. 

Six  monoiayers  (-8.5A)  of  either  Ge  or  Si  were  grown  on 
(100)  substrates  of  the  opposite  material  at  -500*  C  using 
molecular  beam  epitaxy.  Heterojunction  samples  were  capped 
with  12  monolayers  of  substrate  material  in  order  to  avoid 
oxidation  and  strain  relief  of  the  buried  layer.  Core  level 
measurements  of  the  Si2p  and  Ge3d  levels  were  recorded,  and 
Raman  spectra  of  the  optic  phonons  were  examined  in  order 
verify  that  the  strain  was  not  reliefed  by  the  introduction  of 
misfit  dislocations. 

The  Raman  spectra  are  shown  in  fig.  1.  For  Si  on  (1(H))  Ge, 
the  Si  optic  phonon  is  seen  shift  to  lower  frequency  by 
-45c"_l  relative  to  unstrained  Si.  The  strain  induced 
component  of  this  shift  is  -20-30  cm-1  (tension  downshifts  the 
frequency).  The  remaining  shift  is  due  to  quantum  confinement 
which  downshifts  the  frequency  by  -12  cm-1  For  Ge  on  (100) 
Si.  the  optic  phonon  shifts  to  higher  frequency  by  -4  cm'1. 
This  small  shift  results  because  compression  shifts  the  Ge 
frequency  up  by  -16  cm"1  whereas  confinement  downshifts  the 
frequency  by  8-10  cm"'.  The  shift  in  the  Si  and  Gc  optic- 
phonons  aie  both  consistent  with  the  retention  of  strain  in  the  6 
monolayer  section  of  the  structures. 

The  relevant  band  diagrams  for  Ge  on  (100)  Si  and  Si  on 
<100)  Gc  are  shown  in  fig.  2.  The  core  level  separations  AHj  > 
and  AF.i  i  on  strained  heterojunctions  were  measured  to  he 
70.1210.10  and  69.901.10  eV  respectively.  The  index  notation 
1.2  designates  Si  on  (100)  Gc  and  2.1  the  reverse  sequence. 
Core  levels  averaged  over  the  spin  orbit  split  components  are 
used  in  all  eases  The  uniaxial  component  of  the  biaxial  stress 
determined  relative  to  the  centroid  of  the  valence  bands  is 
readily  calculated  and  yields  E"  =  0.31  and  l-Jf  =  0.30  cV.  The 
relative  shift  between  the  core  level  and  the  centroid  of  the 
valence  band  due  to  the  hydrostatic  component  of  the  stress  m 
strained  and  unstrained  materials  was  calculated  from  I.M'I'O 


theory  using  the  local  density  functional  approach.  In 
conjunction  with  Ej  and  E2  which  represent  the  unstrained  Si2p 
and  Ge3d  core  levels  referenced  to  the  top  of  their  valence 
bands,  we  obtain  E{  =  99.22+1.07  E§  =  29.56±07  eV.  The 
resulting  valence  band  offsets  for  Ge  on  (100)  Si  gives 
AEv 1  =  0.7510.13  eV,  and  for  Si  on  (100)  Ge 
AEi’2  =0.16+0.13  eV. 


RAMAN  SHIFT  (cm'1) 

Fig.  1  Raman  spectra  of  the  Si  and  Ge  optic  phonons  for 
pseudomorphic  growth  of  Ge  on  (100)  Si  and  the 
reverse  sequence.  1FB  indicates  signal  associated 
with  interfacial  bonding. 


Fig.  2  Schematic  band  diagrams  for  tie  on  (I00i  Si  (left 
panel)  and  the  reverse  sequence  t right  panel » 
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OPTICAL  INVESTIGATIONS  OP  STRAINED 
InGaAs/GaAB  SINGLE  QUANTUM  WELLS 
D.J.  Arent,  K.  Deneffe,  C.  Van  Hoof, 

J.De  Boeck,  G.  Borghs 

IMEC  vzw,  Kapeldreef  75,  Leuven,  Belgium 

Allowing  for  wK'e  variation  in 
mechanical  and  electronic  properties  while 
incorporating  strain  arising  from  large 
lattice  mismatch,  the  growth  of  high  quality 
dislocation  free  semiconductors  is  only 
possible  for  layers  which  do  not  exceed  a 
critical  layer  thickness{ 1 ) .  Layers  thicker 
than  the  critical  value  will  accomodate 
lattice  mismatch  in  misfit  dislocations 
rather  than  elastic  strain  and  therefore 
exhibit  degraded  device  performance.  For 
thin  layers  grown  pseudomorphically ,  the 
strain  induces  a  significant  change  in  the 
electronic  band  structure,  thus  allowing  for 
control  of  the  band  gap  and  associated 
quantum  transitions  by  altering  the  ternary 
compositions  (strain)  and  layer  thickness 
(quantum  confinement). 

The  details  of  the  strain  induced 
changes  to  the  band  positions  of  layered 
semiconductor  structures  have  been  presented 
elsewhere( 2-4 ) .  For  InGaAs  pseudomorphically 
grown  to  GaAs  the  In  concent  rat i on  must  be 
kept  low  ( <40% )  and  we  assume  since  the  GaAs 
substrate  is  very  thick  compared  to  the 
InGaAs  layer  that  all  strain  is  accommodated 
in  the  InGaAs. 

The  energy  shifts  calculated  using  a 
strain  Hamiltonian  which  describes  strain  in 
the  (100)  and  (010)  directions  yield 
the  band  positions  of  the  nondegenerate 
valence  band  mainfolds  and  are  a  function  a 
and  b  the  deformation  potentials,  e  the 
strain  value,  A.,  the  spin-orbit  splitting 
energy,  and  K  which  relates  the  elastic- 
moduli  as  given  by  Pollak(3).  All  strain 
tensor  components  are  found  by  linearly 
interpolating  between  the  values  for  InAs  and 
GaAs  using  values  published  in  the 
Landol t-Bornstein  tables.  The  relative 
contribution  of  the  hydrostatic  term  to 
conduction  and  valence  bands  is  determined 
by,  AQH#  the  rat*°  between  the  total  shift 
in  the  band  gap  under  pressure  to  the  shift 
in  the  spin  orbit  band,  or  . 

AQ  -  (dE  /dP  /  d(E  +A  J/dP)--1  (1) 

and  is  round  to  be  11%.  Uniaxial  tension 
contributes  to  splitting  of  the  valence  band 
states  and  induces  a  mixing  of  the  | 3/2 , 1/2 > 
and  |l/2,l/2>  bands(3).  Total  strain 
contributions  are  plotted  in  Fig.  1. 

Transition  energies  for  the  potential 
wells  are  then  calculated  according  to 
standard  quantum  mechanical  treatment. 

The  composition  dependent  band  gap  Eg  of  the 
unstrained  In  Ga.  As  material  at  300K  is 
given  by { 4 ) 

E°  -  1.425  -  1  . 50 1 x  +  0.436x  (eV).  (2) 

At  l?w  temperature,  the  additional  strain 
induced  by  differences  in  linear  expansion 
coefficients  may  be  neglected  since  this 
value  is  less  than  3%  of  strain  at  300k  (an 
absolute  quantity  <  0.03%). 

Following  standard  cleaning  procedures,  a 
1 . 0//m  GaAs  buffer  layer  was  grown  by  MBE 
followed  by  the  InGaAs  layer  and  finally  a 
50nm  GaAs  capping  layer.  The  in  fraction  and 
thicknesses  were  determined  from  flux 
measurements  and  confirmed  by  Auger,  double 
crystal  X-Ray  di f f ractomet ry ,  and  electron 
//probe  analysis  on  thick  layer  samples. 
Photoreflectance  measurements  at  300K  were 


carried  out  using  standard  lock-in  detection. 

Fig.  2  indicates  the  photoreflectance 
spectrum  and  associated  fit  at  300K  for 
sample  G63.  The  spectra  are  fitted  by  non 
linear  least  squares  analysis  to  the  Aspnes 
third  derivative  functional  form  which  has 
been  shown  to  adequately  model  the  observed 
phenomena( 5 ) .  Excellent  agreement  is  found 
for  all  fits  utilizing  a  band  offset  ratio  of 
B5;15  ( AE  .  : AE  ,  )  in  accordance  with  previous 
experimental ( 6^ 7 )  and  theoretical  (21 
findings.  No  transitions  associated  with  a 
light  hole  band  are  observed.  Combining  this 
observation  with  the  excellent  agreement 
indicates  that  the  band  offset  ratio  employed 
properly  describes  the  XnAs/GaAs  system. 

Table  I  lists  the  results  for  the  remainder 
of  the  samples  including  the  6K 
photoluminescence  value  for  the  1C-1H 
transition,  corrected  for  exciton  binding 
energy  and  associated  calculated  values. 
Excellent  aareement  is  found  for  each  sample. 

For  the  low  temperature  calculations,  we 
used  the  formula  of  Goetz  et  al<8i  to  find 
the  alloy  band  gap  energy  at  6K.  We  then 
calculated  the  low  temperature  transition 
energies  using  temperature  independent  strain 
and  material  contributions.  From  experiments 
performed  at  77k,  we  have  calculated  the  77k 
alloy  band  gap  as  a  function  of  In  fraction, 
we  determine  the  equation  to  be  , 

E  °(77K)=  1. 508-1. 580x  «■  0.496x^  <eVI  '3' 

Thi  bowing  parameter  is  in  much  better 
agreement  with  earlier  findings  at  ether 
temperatures  ( 4 , 9 ) compa r ed  to  that  derived 
from  the  previous  bulk  crystal  experiments  of 
T.eu  al',9).  Though  unclear,  the  difference 
may  be  due  to  the  different  growth  techniques 
used  to  prepare  the  samples. 

These  studies  indicate  that  the  strain 
induced  band  changes  are  not  temperature 
dependent,  though  the  individul  values  of  the 
elastic  moduli  and  deformation  potentials  may 
change  with  temperature.  Furthermore,  as 
shown  in  Fig.  3,  the  behavior  of  the  InGaAs 
alloy  band  gap  with  temperature  is  found  tc 
resemble  that  of  GaAs  not  In  Ga^^As  up  to  In 
fractions  of  0.3  and  is  not  finearly 
dependent  on  the  In  fraction. 
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Strain  Induced  Band  Shifts 


Normalized  %  Band  Gap  Energy  Change  Data 
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Fig.  1  Strain  induced  shifts  of  the 
valence  bands  in  InxGal-xAs 

alloys  as  a  function  of  alloy  content.  The 
energy  shifts  are  calculated  assuming  all 
strain  is  incorporated  in  the  thin  InGaAs 
layer.  The  hydrostatic  contribution  to  the 
band  shifts  is  determined  from  the  pressure 
dependence  of  the  spin  orbit  band  relative 
to  the  energy  gap.  T  -  300K. 


Photoreflectance  Data 


Energy  (eV) 


Fig.  2  Photoref lectancc  spectrum  for  the 
In  Ga._  As/GaAs  SSQW  with  x-  .07  and  a  well 
wiSth  o¥  5.5nm.  Excitation  is  a  lmW  633nm 
He-Ne  lar.er.  Dark  line  indicates  the 
associated  theoretical  curve  with 
transition  energies  marked  with  arrows. 


fig-  3  Normalized  Percent  Change  in  the 
Band  Gap  Energy  at  6  and  77K  vs  In  Mole 
Fraction . 


Table  I 

Results  for  Photoreflectance  (300K)  and 
Photoluminscence  (6K)  for  In  Ga,  As  Single 
Strained  Quantum  Wells  and  Corresponding 
Theoretical  Values  for  the  1C-1HH  Quantum 
Transitions . 

Sample  Transition  Energy  (eVj 
( Structure ) 


Temp . 

300K 

Calc 

6K 

calc 

G44 

177T5 

17TT5 

1.449 

1.441 

15%, 

4nm 

G6  3 

1.394 

1.393 

1.487 

1  .  484 

7%,  5. 

5nm 

( 1C-2H) 

1.413 

1.412 

G179 

1.376 

1  .  379 

1.478 

1.468 

13.5% 

,  3nm 

G218 

1  .  301 

1 .302 

1 .  389 

1 .  386 

15%, 

20nm 

( 2C-2H) 

1 . 344 

1 .334 

G220 

1.410 

1  .  407 

1 . 505 

1  .  499 

5%,  5nm 

Abstract  No.  49S 


Heterostructurea  of  GaAa.  Sb  on  GaAa 
l'X  x 

Grown  by  Molecular  Beam  Epitaxy 

J.  H.  Zhao.  J.  C.  Jeong,  T.  E.  Scblesinger.  and  A.  G.  M lines 
Department  of  Electrical  and  Computer  Engineering 
Carnegie  Mellon  University 
Pittsburgh,  PA  15213 

Introduction 

The  development  of  advanced  epitaxy  technologies  such  as  MBE 
and  MOCVD  has  made  it  possible  to  study  novel  heterostructures 
involving  large  lattice  mismatch.  GaAs^Sl^  ‘GaAs 
heterostructures  are  interesting;!]  because  almost  no  work  has  been 
done  on  the  p-n  diode  current  transport  mechanisms  and  band 
offsets  of  this  system  and  also  because  with  respect  to  GaAs  there 
is  a  lattice  mismatch  of  up  to  7.8?c>.  This  paper  reports  studies  of 
the  current  transport  of  p-GaSb/N-GaAs  diodes  and  the  band 
offset  of  GaSb/GaAs  as  well  as  the  Schottky  barrier  heights  of 
\u/n-GaASj  xSbx  Probable  band  offsets  of  GaASj_xSbx  GaAs  are 
also  inferred  from  the  Schottky  barrier  heights  based  on  Tersoffs 
model  of  heterojunction  line-up[2j. 

Results  and  Discussions 

The  effects  of  the  lattice  mismatch  induced  interface  states  on  the 
current  transport  of  p-Ga.Sb ;N-GaAs  have  been  studied  at 
temperatures  ranging  from  291  to  123K  A  transition  from  a 
thermionic-recombination  limited  current  to  a  tunneling  limited 
current  is  observed  when  the  diode  forward  bias  is  increased  The 
tunneling  current  takes  the  form  of  I  -H(TlexptAY)  where  the 
tunneling  parameter  A  is  fairly  temperature  independent  and  equal 
to  75V  'Hie  current  transport  mechanism  in  heterojiiii*  tion 
diodes  with  large  lattice  mismatch,  as  well  as  the  observed 
transition,  will  lie  discussed  The  tunneling  parameters  for  p- 
Ge/N-GaAs.  p-Ge.N-Sj'3  aid  p  GaSb  N-GaAs  are  plotted  in 
Fig  l  as  a  function  of  lattice  mismatch  percentage  III  general,  the 
larger  the  lattice  mismatch,  the  larger  the  tunneling  current  will 
be 

Studies  of  the  capacitance  characteristics  of  p-GaSb  N-GaA*  as  a 
function  of  temperature  and  frequency  will  be  presented  Interface 
charge  effects  on  the  limit  -  in  voltage  have  been  examined  and 
properly  treated  From  this  treatment  the  conduction  band  offset 
of  GaSb,  GaAs  has  been  found  to  be  <13  0  01  r\  with  the 

conduct i* ui  band  of  GaAs  located  above  that  of  GaSb  1  »\  C‘-\ 


intercept  method.  The  consistency  of  the  s  at  different 
temperatures  liave  been  examined  and  the  results  were  within  the 
experimental  error  of  OOdcV.  The  energy  band  diagram  of  the  p- 
GaSb/N-GaAs  thus  determined  is  shown  in  Fig  2 

The  Schottky  barrier  heights  of  Au  on  n-GaAsj  xSbx  have  been 
studied  to  examine  the  relationship  between  Schottky  barrier 
heights  and  the  band  offsets  of  GaAsj_xSbx  GaAs  that  were 
implied  by  the  Tersoff  model.  Shown  in  Fig  3  is  the  experimetal 
Schottky  barrier  height  of  Au ,  n-CaAs a*  a  function  of  Sb 
content  determined  by  studying  the  reverse  leakage  current  as  a 
function  of  temperaturefthe  open  circles)  and  the  solid  d^t  is  from 
reference  -I  The  inset  shows  the  application  of  Tersoffs  model  of 
heterojunction  line-up  probable  band  offset  can  be  inferred  from 
the  difference  between  the  two  Schottky  barrier  heights  of  a 
common  metal  on  the  two  semiconductors  Our  Schottky  barrier 
height  results  therefore  imply  a  conduction  band  offset  -AEC  0  9 
.  0.78  -  0  1  »cV  for  Ga.\so  g23Sbo  o:7  GaAs  JF.r  0  9  0  i»3 

0  27eV  for  GaAs()  ;  |SI  )  1J(.  GaAs.  and  -Al\.  0  9  -0  6  *  3eV  for 

GaSb/GaAs  in  agreement  with  our  result  obtained  using  the  C-\ 
intercept  method. 

Conclusions 

la  conclusion,  lattice  mismatch  induced  interface  state  effects  on 
the  current  transport  mechanism  of  MHE  grown  mesa  etched 
GaSb  GaAs  heterojunction  diodes  have  been  examined  Tunneling 
current  has  been  found  to  be  dominant  beyond  certain 
temperature-dependent  forward  bias  and  the  tunneling  current 
varies  as  B(T)exp{75Yl  The  G-Y  intercept  method  has  been  use* 
to  study  the  conduction  band  offset  of  GaSb  GaAs  with  the 
interface  charge  effects  being  properly  treated  by  studying  the 
frequency  and  temperature  dependence  of  it-  C-\  characteristics 
The  conduction  band  offset  JK,  has  been  f*>uri<l  to  be  0  3  0  0-1 

eY  Schottky  barrier  heights  of  Au  n-Ga  \s^  ^Sb^  have  been 
studied  at.. I  used  to  infer  the  ban  1  oll-et-  .  .f  <  i :»  ^  ^Sb^  Ga\s 

based  on  Tersoffs  model 
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HETEROSTRUCTURES  BY  OMCVD 
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This  contribution  contains  the  first  report  of  the 
growth  of  ZnGePi  epitaxial  films  on  GaP(lOO)  substrates  by 
organomctallic  chemical  vapor  deposition  (OMCVD). 
Secondary  ion  mass  spectroscopy  (SIMS),  absorption 
spectra,  x-ray  diffraction  (XRD)  and  transmission  electron 
microscopy  (TEM)  have  been  utilized  for  the 
characterization  of  these  thin  films.  The  relationship 
between  the  growth  conditions,  structure  and  properties  of 
the  epitaxial  films  have  been  compared  with  those  of  bulk, 
single  crystals  of  ZnGcP2.  which  have  been  grown  by 
directional  solidification. 

The  epitaxial  ZnGcP2  films  were  grown  in  an  open 
tube  OMCVD  system  in  which  Zn(CH;02*  GcHj  and  PHj  were 
used  as  the  source  gases.  The  flow  rule  ralio,  R.  of  Znj  CH  j)j 
to  GcH4  was  varied  front  6:1>R>I:9  while  the  flow  rate  of 
PH  3  was  kept  at  a  fixed  value.  The  growth  temperature  was 
varied  from  525°C  to  575°C.  The  growth  rate  of  the  film  is 
determined  by  the  GcHa  flow  rate.  For  a  given  flow  rate, 
the  concentrations  of  Ge  varies  non-lincarly  with  the 
growth  temperature  (Fig.  1).  Since  the  film  composition 
becomes  insensitive  to  changes  in  the  growth 
temperatures  at  or  above  575°C.  we  chose  575°C  as  the 
optimum  growth  temperature.  At  this  substrate 
temperature,  mirror  smooth  epitaxial  surface  morphology 
can  be  obtained  over  a  large  range  of  Zn(CHj)2  to  Gclla 
flow  rate  ratios,  i.c.,  6 : 1  >R>  1:3.  This  suggests  that  the 
homogeneity  range  about  ZnGePi  may  allow  substantial 
dcv.ations  from  stoichiometry.  However,  at  the  low 
temperature  limit  of  our  experiments  (525eC)  and  large 
Zn(CH})2  lo  GcH4  flow  rate  ratios,  a  phase  separation  has 
been  observed  with  a  concomitant  roughening  of  the 

surface. 

Figure  2  shows  the  depth  profile  of  a  ZnGcP2  film 

obtained  by  SIMS  analysis.  It  indicates  that  there  is  very 
little  inicrdiffusion  of  Ga  into  the  ZnGcP2  film  or  of  Zn  .rnd 
Ge  into  ihc  GaP  substrate.  Also,  trace  analysis  b>  SIMS 
indicates  that  many  impurities  that  arc  present  in  bulk 
ZnGcP2arc  either  absent  or  present  at  drastically  reduced 
concentrations  in  the  OMCVD  films. 

Figure  3  shows  the  absorption  edge  of  a  thin  film 
which  exhibits  a  tail  and  a  distinct  absorption  band  at 

approximately  1  cV  In  bulk  samples  of  ZnGcP2  absorption 
tails  extending  across  Ihc  window  of  transparency  to  the 

IR  absorption  edge  at  approximately  12  pm  have  been 
reported  in  the  literature1,  which  arc  related  to  the 
presence  of  native  point  defects  and  impurities.  Since  the 
residual  absorption  in  the  transparency  region  is  an 
important  limitation  in  non-linear  optical  applications  of 
ZnGcP2-  progress  in  the  control  and  understanding  of  the 
optical  properties  at  below  band  gap  energies  is  of 
considerable  interest  and  is  discussed  on  the  basis  of 
optical  data  for  both  epitaxial  thin  films  and  bulk  single 
crystals. 


Figure  4  shows  a  bright  field  TEM  micrograph  from 
a  bulk,  single  crystal  of  ZnGcPi.  Precipitates  of  ~20(>A  size 
arc  observed.  Images  taken  near  the  |112|  and  |i()f)]  poles 
arc  consistent  with  a  tetrahedral  shape,  and  their  density 
is  quite  low  -  less  than  0.002  volume  percent  Parallel 
Moire  fringes  can  be  seen  when  specific  diffraction 
vectors  are  used  for  imaging.  Specifically,  -40A  fringes 
arc  observed  when  220-  or  204-type  reflect. ons  arc 
employed.  Precipitate  d-spacings  of  I.XA  or  2  oA  arc 
possible  given  this  data.  A  d-spacing  of  2.0A  correlates 
well  with  d  2  2  0  for  Ge.  and  therefore  we  tentatively 
conclude  that  the  precipitates  arc  Ge  with  the  respective 
( 100} -type  planes  in  both  phases  being  parallel 

In  summary,  hctcrocpitaxial  growth  of  ZnGcP:  on 
GaP'  1 00)  substrates  by  OMCVD  has  been  demonstrated 
Characterization  of  these  epitaxial  films  has  been 
accomplished,  and  comparison  has  been  made  with  bulk 
single  crystals  of  Z.nOcPs.  The  epitaxial  tilms  arc  o! 
superior  purity,  but  judicious  choice  of  the  growth 
conditions  is  required  for  controlling  their  stoichiometry 
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Fig.  1  -  Ge  concentration  in  the  film  |C(C*e)|  normalized  to 
the  Ge  concentration  in  a  hulk,  single  crystal  standard  ICs 
as  a  function  of  growth  temperature  Zn(CHU:  to  Gcll4 
flow  rate  ratio  2:3. 
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X-RAY  CHARACTER  1 7.ATI  ON  OF  HETF.ROEPITAXIAL 
CaAs  on  Si (001) 


H.  Zabel,  N.  Lucas,  H.  Morkoc 
Department  of  Physics  and  Materials  Research  Laboratory 
University  of  Illinois 
1110  West  Green  St.,  Illinois  61801 


The  successful  epitaxial  growth  of  GaAs  on  Si 
(001)  substrates  is  one  of  the  most  important  advances 
in  semiconductor  heterostructure  technology  in  recent 
years.  This  progress  was  achieved  in  spite  of  the  fact 
that  GaAs  on  Si  combines  atL  major  problems  of 
hctcroepitaxial  growth  processes.  Including  a  large 
lattice  mismatch,  the  possible  formation  of  antiphase 
domains,  and  thermal  mismatch  between  h<  th  materials. 
We  will  provide  an  overview  of  recent  x-iiv  scattering 
experiments  concerned  with  these  issues.  For  a  review 
of  the  electronic  and  optical  properties  as  well  as 
device  applications  we  refer  to  Ref  1. 

Antiphase  domains  (AD's):  Layer  by  layer 
deposition  of  alternating  Ga  and  As  atoms  >"  S?  (non 
substrates  may  lead  to  the  formation  of  AD's  when 
single  atomic  steps  in  the  substrate  are  *»neountored . 
This  is  schematically  demonstrated  in  Fig  1  For 
reasons  discussed  further  below,  the  actual  substrates 
were  miscut  by  about  «"  off  the  (001 )  direction,  which 
(s  expected  to  Introduce  a  distribution  of  slop 
heights.  Anv  odd  numbered  step  height,  in  turn,  should 
introduce  AD’s.  The  presence  of  AD’s  can  be  verified 
by  measuring,  via  high  resolution  x-ray  scattering, 
the  width  of  CaAs  superlatti.ee  reflections.  Comparing 
the  width  of  superlattice  peaks  to  those  of 
fundamental  peaks  (see  Fig.  7).  no  contribution  due  to 
AD's  could  he  observed  [2].  From  these  x-rav  results 
follows  a  lower  limit  for  the  separation  of  AD 
boundaries  of  about  4000  A  which  is  good  .agreement 
with  high  resolution  electron  microscopy  images  of 
GaAs  on  Si  (3;.  It  has  been  speculated  that  the  lack 
of  AD's  may  be  due  to  a  reconstruction  of  the  miscut 
Si  surface  which  takes  place  either  during  the 
annealing  procedure  prior  to  the  GaAs  deposition  or 
during  the  deposition  of  the  first  monolayer  of  As. 

Lattice  mismatch  and  strain  relaxation:  The  bulk 
GaAs  and  Si  lattice  parameters  differ  by  4.1%  at:  room 
temperature,  with  the  GaAs  lattice  parameter  being 
bigger  than  the  Si  The  first  few  epitaxial  layers  of 
GaAs  will  therefore  be  under  compress ional  stress.  The 
strain  energy  increases  with  progressive  growth  of 
alternating  Ga  and  As  mo.olayers.  until  it  exceeds  the 
energy  for  formation  of  dislocations  Hence,  edge 
dislocations  remove  coherency  strains  and  the 
interfacial  relationship  between  GaAs  and  Si  becomes 
progressively  incoherent  with  increasing  film 
•  h  i  /‘kness .  It  has  been  shown  that  on  flat  substrates 
sriew  as  well  as  edge  dislocations  are  generated.  The 
former  ones  only  deteriorate  the  electronic  properties 
but  are  ineffective  for  strain  removal.  Vicinal  cuts 
of  the  substrate  off  the  (D01)  orientation  remedies 
this  problem  and  fn  addition  causes  (he  edge 
dislocations  to  propagate  parallel  to  the  interface 
i 1 !  Residual  coherency  strains  cause  the  wid’h  of  all 
Btagg  reflections  to  increase  linearly  with  the 
w.ivc'tcGir  as  si.  in  Fig.  *heic  the  slope  of  tlu- 
curve  is  a  direct  measure  of  the  residual  strain 
perpendicular  to  the  film.  For  both  film  thicknesses 
shown  in  Fig  2  the  slopes  air  identical,  indicating 
that  the  m-jjc:  strain  gradient  must  be  located  in  a 
region  in  between  lODft  A  from  the  Interface.  Similar 
measurements  on  thinner  GaAs  films  exhibit  indeed  much 
bigger  slopes  f4,5|. 


Thermal  expansion:  The  bulk  thermal  expansion 
coefficients  of  GaAs  and  Si  are  6.0  x  10  6/K  and  7.3  x 
10  /K,  respectively.  This  thermal  mismatch  leads  to 
bowing  and  bending  of  the  wafers  and  hampers  serious 
device  applications.  Recent  x-ray  experiments  have 
revealed  (6]  that  at  an  initial  growth  temperature  of 
about  500  C  the  GaAs  film  is  almost  strain  free, 
neglecting  a  strain  gradient  in  a  narrow  region  close 
to  the  interface.  Then,  upon  cooling  the  interfacial 
relationship  between  GaAs  and  Si  remains  intact 
requiring  the  GaAs  in-plane  lattice  parameter  to 
follow  the  slower  thermal  contraction  of  the  Si 
substrate.  This  boundary  conditions  causes  an 
expansion  of  the  in -plane  GaAs  lattice  parameter  over 
its  bulk  value.  The  out-of-plane  thermal  expansion 
exceeds  th*  bulk  value  by  the  Poisson  response  from 
the  in-plan.  constraint,  and  therefore  at  room 
temperature  th.-  out -of -plane  lattice  parameter  is 
contracted  (Fig.  3). 

This  work  was  supported  by  the  US  Department  of 
Energy.  Division  of  Materials  Science,  under  contract 
No.  DE-AC02-/6ER0119B. 
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Figure  1.  Antiphase  domains  are  formed  either  when 
both  Ga  and  As  nucleate  in  the  same  flat  mono  1  aver,  or 
when  a  single  atomic  step  of  the  substrate  is  present 
Annihilation  of  antiphase  domain  boundaries  is 
possible  for  some  directions 
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The  heteroepitaxial  growth  of  GaAs  on  Si  sub¬ 
strates  has  attracted  great  attention  in  recent 
years.  The  formation  of  misfit  dislocations  plays  a 
key  role  in  this  heteroepitaxial  system.  The 
critical  thickness  for  pseuaomorphic  G^Ac  growth  on 
Si  amounts  to  only  several  monolayers.  This  is 
caused  by  the  large  difference  of  4%  in  lattice 
constants  between  GaAs  and  Si.  Under  equilibrium 
condition^  all  misfit  dislocations  (of  the  order  of 
10'^  cm“^)  would  be  formed  within  only  a  few 
monolayers  during  growth.  This  large  amount  of 
defects  will  certainly  influence  the  crystal  growth 
mechanism.  Normally,  growth  initiation  at  high 
temperatures  leads  to  island  formation.  An  energetic 
barrier  for  the  generation  of  misfit  dislocations  is 
present  in  semiconductors  (1).  This  mechanism  can  be 
used  to  control  the  formation  of  misfit  dislocations 
by  selecting  appropriate  growth  conditions.  The 
principal  aim  is  to  minimize  the  influence  of  the 
required  dislocation  formation  on  the  crystal  growth 
mechanism. 

In  this  study  we  have  Investigated  the  strain 
relaxation  of  GaAs  layers  on  Si  substrates  as  a 
function  of  the  growth  temperature  (300°C  to  600°C) 
and  substrate  off-orientation  (1°,  2°,  and  4°  off 
from  [Oil]  direction).  GaAs  epitaxial  layers  were 
grown  by  m i grgt -mn-eohanred  epitaxy  (MFF)  ?n  3" 

(100)  Si  substrates.  MEE  is  a  modified  MBE  growth 
technique,  which  has  proven  to  produce  high-quality 
homoepi taxial  GaAs  layers  even  at  low  growth  tempe¬ 
ratures  (2).  Thus  MEE  is  particularly  suitable  for 
the  low-temperature  growth  steps  In  this  study.  The 
residual  strain  in  the  GaAs  layers  was  determined  by 
measuring  the  bending  of  the  GaAs/Si  wafers  as  well 
as  by  double  crystal  X-ray  diffraction.  Investiga¬ 
tions  of  the  dislocations  created  in  the  GaAs  epita¬ 
xial  layers  have  been  performed  by  transmission 
electron  microscopy  (TEM)  studies. 

At  low  growth  temperatures  we  observe 
reproducibly  an  opposite  wafer  bending  at  room 
temperature  then  expected  from  the  difference  in 
thermal  expansion  of  GaAs  and  Si.  Double  crystal  X- 
ray  diffraction  investigations  confirm  that  GaAs 
layers  are  under  compressive  strain  for  these 
wafers.  Furthermore,  after  etching-off  of  the  GaAs 
epitaxial  layer,  the  opposite  wafer  curvature  is 
removed.  Thus,  we  are  sure  that  the  observed  oppo¬ 
site  wafer  bending  originates  from  the  compressi vely 
strained  GaAs  layer.  This  compressive  strain  is 
caused  by  the  not  completed  strain  relaxation  of  the 
epitaxial  layer  under  the  respective  growth  condi- 
t  ions. 

In  addition  to  the  dependence  of  strain 
relaxation  in  growth  temperature,  also  the  substrate 
of f-uiientat  ion  influences  the  strain  relaxation 
process.  GaAs  epitaxial  layers  grown  on  2°  off- 
oriented  substrates  are  clearly  more  relaxed  under 
identical  growth  conditions  than  layers,  which  are 
grown  on  1°  and  4°  off-oriented  substrates.  Misfit 
dislocations  in  enitaxial  layers  on  high-quality 
substrates  have  to  nucleate  on  the  growing  epitaxial 
layer  surface.  Therefore  besides  the  growth  tempera¬ 
ture,  the  actual  conditions  on  the  surface  (surface 
reconstruct  ion  and  the  number  of  surface  steps)  also 
influence  the  dislocation  formation.  For  the  samples 
grown  on  2°  off-oriented  substrates  the  distance 
between  surface  steps  is  almost  identical  to  the 


average  spacing  of  misfit  dislocations.  Therefore, 
almost  all  dislocations  in  the  [011]  direction  can 
form  at  steps  on  the  GaAs  surface.  This  is  not  the 
case  for  layers  grown  on  the  other  off-orientations, 
where  dislocations  also  partly  form  on  terraces. 
This  process  need'  *  higher  energy  and  thus  should 
occur  at  a  later  stage  under  the  same  growth  condi¬ 
tions. 

It  is  important  to  note  that  in  order  to  be 
able  to  reveal  the  influence  of  the  surface  steps 
created  by  the  substrate  off-orientation,  the  number 
of  surface  steps  introduced  by  the  growth  mechanism 
should  be  small.  Using  an  optimized  substrate 
preparation  and  growth  initiation  of  GaAs  on  Si  (3), 
it  Is  possible  to  start  growth  of  GaAs  on  Si  in  the 
2D  layer-by-layer  growth  mode.  By  applying  the  above 
described  controlled  formation  process  of  misfit 
dislocations  the  2D  growth  of  GaAs  on  Si  can  be 
maintained  for  the  entire  epitaxial  layer  as 
revealed  by  Jr.  c:tu  RULED  observations.  Primarily, 
this  is  due  to  the  fact  that  misfit  dislocations  are 
not  formed  within  a  few  monolayers,  but  are  created 
In  a  controlled  way  within  a  thicker  GaAs  layer.  The 
number  of  dislocations  formed  on  the  growing  surface 
per  growth  of  one  monolayer  is  drastically  reduced. 
Therefore,  the  disturbence  of  the  growth  process 
becomes  less  important.  The  second  important  fact  is 
that  MEE  produces  better-quality  epitaxial  layers  at 
low  substrate  temperature  as  do  the  standard  MBE  and 
M0CVD  growth  techniques.  Atomically  smooth 
GaAs/(AlGa)As  heterointerfaces  are  confirmed  by  TEM 
and  luminescence  studies  of  single  QWH. 

To  optimally  balance  the  thermal  expansion 
strain  after  cooling  from  the  growth  temperature, 
the  average  residual  strain  of  the  foAs  epitaxial 
layer  should  be  in  the  range  of  t*10~3  for  a  growth 
temperature  of  600°C.  For  lower  growth  temperatures, 
this  value  can  be  even  smaller.  It  is  possible  to 
realize  non-bending  GaAs/Si  wafers  by  choosing 
aporopriate  growth  conditions  and  substrate 
mi  soriet.lation.  Tnese  values  of  residual  strain  at 
the  growth  temperature  are  typical  for  lattice- 
matched  heterosystems.  At  room  temperature  the 
average  strain  in  the  GaAs  epitaxial  layer  vanishes. 

The  controlled  dislocation  formation  can  be 
used  to  reduce  drastically  the  dislocation  density 
in  the  GaAs  layer.  In  a  t wo-temperature  growth 
process,  misfit  dislocations  are  formed  at  low 
substrate  temperatures.  By  maintaining  the  20  growth 
processfor  this  stage,  no  additional  defects  are 
created,  which  may  result  from  an  island  formation 
on  the  epitaxial  layer  surface.  After  increasing  the 
temperature,  the  generated  misfit  dislocations 
become-  mobile  and  slip  to  the  GaAs/Si  interface. 
This  process  leads  to  a  regular  dislocation  arrange¬ 
ment  at  the  interface  as  determined  by  TEM  studies. 
A  significant  reduction  of  the  threading  dislocation 
density  in  the  GaAs  epitaxial  layer  is  observed.  For 
an  unopLimized  layer  sequence  a  dislocation  density 
of  5*lCr  cm-^  is  realized  after  growth  of  only 
200  nmof  GaAs.  The  dislocation  density  as  well  as 
the  smoothness  of  the  growth  surface  and  therefore 
of  GaAs/(A1Ga)As  heterointerfaces  are  significantly 
improved  compared  to  standard  MBE-  and  MOCVD-grown 
GaAs/Si  layers. 
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CdxHg^_xTe  (x  -  0.2)  epitaxial  layers  have  been  grown 
onto  (001)  GaAs  subs  crates  with  a  CdTe  buffer  layer  by 
MOVPE,  The  CdTe  buffer  layers  were  grown  at  Hb0°0 
using  dimethyl  cadmium  (DMCd)  and  di-isopropyl 
tellurium  (DIPTe )  in  a  hydrogen  carrier  gas  at  one 
atme.  total  pressure.  The  CdxHgj_xTe  alloy  was 

grown  in  the  same  reactor  cell  after  growing  a  suit¬ 
able  thickness  of  CdT®  buffer  layer.  The  mercury  was 
introduced  as  a  liquid  in  the  entrance  zone  and  the 
required  partial  pressure  (-  0.01  ^m.  )  created  by 
heating  the  mercury  and  reactor  wall.  Uniform  alloy 
growth  was  achieved  by  using  the  interdif fused  multi¬ 
layer  process  (IMP)  whereby  the  gas  flows  are 
between  conditions  optimised  for  HgTe  and  CdTe  growth. 
These  binary  layers  are  sufficiently  thin  for  complete 
homogenisation  to  take  place  at  the  growth  temperature. 
This  process  has  been  described  in  detail  elsewhere( 1 ) . 
X-ray  rocking  curve  widths  have  been  compared  with  IMP 
and  direct  alloy  growth  by  Edwall  et  al(2)  for  epi¬ 
taxial  growth  onto  AII2O3  substrates.  In  these  authors’ 
experience  the  IMP  grown  layers  had  rocking  curve 
widths  which  were  a  factor  of  two  broader.  The  present 
study  looks  systematically  at  the  factors  which  can 
affect  this  property  of  the  epitaxial  layers. 

Fur  the  CdTe  buffer  layers,  the  ratio  of  the  alkyl  gas 
flows  and  the  CdTe  buffer  layer  thickness  were  varied 
and  the  quality  of  the  layers  has  been  assessed  by 
double  crystal  X-ray  diffrae tome try .  The  full  width 
half  maximum  (FWHM)  of  t.he  X-ray  rocking  curve  has 
been  found  to  vary  both  as  a  function  of  layer  thick¬ 
ness  and  as  a  function  of  the  DIPTe /DMCd  gas  flow 
rat:o.  For  a  constant  gas  flow  ratio  the  FWHM 
dec /eased  from  1111  to  199  arc  secs  for  layer  thick¬ 
nesses  of  1.3  i.m  1.0  5.5  ym  respectively.  For  a 
constant  layer  thickness  the  X-ray  rocking  curve  FWHM 
decreased  as  the  DIPTe/DMCd  gas  flow  partial  pressure 
ratio  was  increased  from  1.02  to  <-.76.  The  highest 
quality  buffer  layers  were  ol>s-  rved  for  layer  thick¬ 
nesses  S',  excess  of  2  pms  with  a  DlPTo/DMCd  gc.s  flow 
partial  pressure  ratio  of  2.78. 

For  CdxHgi_xTe  (CMT)  layers  grown  onto  the  highest 
quality  buffer  layer  ( -  4  pm  thick)  the  X-ray  rocking 
curve  FWHM  has  been  mapped  over  large  areas  (1.5  cm  x 
1.5  cm)  using  a  fully  automated  X-Y  stage.  The  lowest. 
FWHM  recorded  was  58  arc  secs  for  a  layer  12  pn  thick. 
However  the  samples  were  found  to  be  non-uniform  with 
typical  variations  in  FWHM  langing  from  as  low  as 
50-70  arc  secs  to  as  high  as  800  arc  secs.  The 
rocking  curve  width  tended  to  increase  for  areas  where 
t.he  surface  morphology  deteriorated.  In-si  tu  anneal¬ 
ing  both  below  and  at  the  growth  temperature  improved 
the  uniformity  but  did  not  significantly  lurUirr 
reduce  the  minimum  rocking  curve  widths. 

The  origin  of  the  X-ray  rocking  curve  broadening  for 
these  layers  is  discussed  and  it  is  shown  that  for 
rocking  curves  with  a  FWHM  in  excess  of  40  arc  secs 
the  dominant  contribution  to  the  broadening  is 
expected  to  be  due  to  the  high  dislocation  density 
generated  by  the  large  mismatch  (-  14%)  in  this 
system  (3).  The  lateral  non-uniformity  in  FWHM 
observed  for  th«*  CMT  layers  has  been  shown  t.o  corres¬ 
pond  to  variations  in  the  dislocation  density  of 
between  4  x  H/*  rm_£>  and  5  x  10®  cm-'’  by  using  » h>* 
expression  derived  by  HirscM4)  ami  experimentally 
confirmed  by  Bari  beau  et  a )(',). 


The  CMT  layers  were  also  fojnd  to  be  tilted  with 
respect  to  the  GaAs  suostrate.  The  magnitude  of  this 
lattice  tilt  varied  across  a  layer  for  samples  where 
Ut-rc  were  -ork<  d  variations  in  the  X-ray  rocking 
curve  FWHM.  The  origin  of  this  tilt  and  its  relation 
Ship  with  the  dislocation  density  is  discussed. 


1.  J.  Tunnieliffe,  S.J.C.  Irvir.e,  C.L.  Dosser  and 
J.B.  Mullin,  J. Crystal  Growth,  GH,  240  <1984/ 

2.  D.D.  Edwall,  E.B.  Gertner  and  I..C.  BuoulaC, 

J. Crystal  Grew  i,  “c,  240 

3.  A.G,  Cul)is,  W.G.  Chew,  J.C.  Hut  cl.:  ns^n , 

S.J.C.  Irvine  and  J.  Giess,  Inst,  cf  Physics 
Conf.  Ser.  76,  29  ( 1085 1 

4.  1  Hirsch,  Progress  in  Metal  Physics,  c,  p2  3t, 
B.  Chalmers  and  H.  King,  Editors,  Pergaror.  Press 
London  and  New  York  (1956) 

5.  J.-M.  Baribeau,  D.O.  Houghton,  T.E.  Jackman  and 
J.  McCaffrey,  to  be  published,  J . Elect richer .Soc 
(1988) 


\ 

i 


f 

i 

i 

j 

\ 

\ 

► 

I 


i 


Abstract  No.  500 
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In  the  heteroepitaxial  growth  of  GaAs  on  Si  large 
internal  stresses  are  introduced  in  the  films  as  a  result  of  the 
different  lattice  constants  and  thermal  expansion  coefficients 
of  the  two  materials.  During  growth  the  stress  due  to  the  4.1% 
GaAs/Si  lattice  mismatch  is  relaxed  by  the  formation  of  misfit 
dislocations.  The  interfacial  dislocation  density  is  of  the  order 
Do»10^  cm"2.  Strain  in  the  film  may  also  be  relieved  by 
dislocations  present  further  away  from  the  interface  since 
many  of  the  interfacial  dislocations  propagate  into  the  epitaxial 
layer,  e.g.  DZ=106-108  cm"2  for  film  thicknesses  z=2-4um. 
On  the  other  hand,  since  the  thermal  expansion  coefficient  of 
GaAs  is  more  than  twice  that  of  Si,  significant  thermal  stresses 
arc  developed  in  the  films  when  they  are  cooled  to  room 
temperature.  The  thermally-induced  strain  and  high 
dislocation  density  greatly  affect  the  structural,  optical  and 
electrical  properties  of  the  GaAs  heteroepitaxial  films.  We 
report  a  study  of  these  effects  using  X-ray  diffraction,  laser 
beam  reflection,  low  temperature  photoluminescence  (PL)  and 
..ipucuance- voltage  (C-V)  techniques. 

The  GaAs  films  were  grown  by  metalorganic  chemical 
vapor  deposition  (MOCVD)  in  a  horizontal  reactor.  The  GaAs 
films  were  deposited  on  (100)  and  2°  off  (100)  Si  substrates 
which  were  subjected  to  an  in-situ  pre-growth  anneal  at 
9?5°C  in  an  H2/ASH3  ambient.  A  thin  (<1000  A0)  GaAs 
buffer  layer  was  then  deposited  at  425°C  prior  to  growth  of  a 
l-5um  thick  GaAs  top  layer  at  700°C. 

The  structural  characteristics  of  the  G3A$/Si 
heteroepitaxial  films  were  determined  with  a  double-crystal 
X-ray  diffractometer.  The  measured  GaAs  lattice  mismatch 
indicated  that  the  films  were  tetragonally  distorted  and  that  a 
biaxial  tensile  stress  is  developed  which  forces  the  in-plane 
lattice  mismatch  (4.21-4.28%)  to  exceed  the  strain-free  value 
(4.1%).  Although  not  always  apparent  in  the  as-grown  films, 
micro-cracks  are  usually  quite  evident  after  cleaving  or 
etching  of  the  GaAs/Si  wafers.  The  cracks,  which  are 
approximately  0.5  um  wide  and  spaced  10-50  um  apart,  are 
parallel  to  each  other  and  extend  the  length  of  the  sample  (1.5 
cm)  along  a  <100>  direction.  Growing  the  GaAs  films  on  a 
thicker  Si  substrate  (0.040")  considerably  reduces  the  number 
of  cracks.  In  this  case  the  spacing  between  cracks  is  greater 
than  1 00  um  and  they  extend  only  a  short  distance  (<50  um) 
along  the  sample.  Although  the  use  of  0.040"  Si  substrates  is 
not  anticipated  for  device  applications,  the  study  of  the  effects 
of  substrate  thickness  on  film  properties  provides  additional 
insight  into  the  heteroepitaxial  process. 

The  internal  biaxial  stress  present  in  the  GaAs  films 
causes  the  GaAs/Si  wafers  to  bow.  The  stress-induced  radius 
of  curvature,  R,  was  determined  from  the  X-ray  lattice 
mismatch  and  independently  measured  by  reflection  of  a  laser 
beam  from  the  wafer  surface.  Both  sets  of  data  are  in  good 
agreement  and  indicate  that,  for  films  thicker  than  1-urn,  1/R 
is  proportional  to  film  thickness. 

Wafer  warpage  can  be  eliminated  by  growth  on  both 
sides  of  the  Si  substrate.  We  have  accomplished  this  by 
sequential  growth  of  GaAs  films  of  identical  thickness  on  each 
side  of  the  substrate.  For  comparison,  a  second  substrate  had 
a  layer  grown  on  oae  side  only  during  the  same  run. 
Curvature  measurements  on  the  pair  indicated  that,  indeed, 
bywing  was  eliminated  in  the  double-sided  sample.  This 
:>  tproach  may  be  useful  for  applications  which  utilize  uniform 
GaAs  coverage  across  the  wafer.  No  changes  in  flatness  of 
either  wafer  were  observed  following  a  rapid  thermal  anneal  at 


950°C  for  15  seconds. 

The  presence  of  biaxial  stress  in  the  GaAs/Si  samples 
also  has  a  measurable  effect  on  the  optical  properties  of  these 
films.  Identification  of  the  individual  transitions  in  the 
GaAs/Si  spectrum  is  complicated  by  the  effects  of  the  biaxial 
tensile  stress.  These  include  a  decrease  in  the  bandgap  energy 
and  a  removal  of  the  GaAs  valence  band  degeneracy.  Two 
peaks  were  observed  that  were  associated  with  transitions  to 
the  lower  energy  valence  band  state.  These  arise  due  to 
different  levels  of  strain  in  the  material.  The  origin  of  the 
two  different  strain  regions  in  these  samples  is  unknown. 
They  may  be  associated  with  the  presence  of  micro-cracks  in 
the  film,  since  samples  less  than  2-um  thick,  which  are 
generally  free  of  cracks,  do  not  contain  the  higher  energy 
(lower  strain)  PL  peak.  Samples  exhibiting  the  two  peaks  were 
generally  characterized  by  PL  spectra  which  varied  widely 
with  sample  illumination  position.  Conversely,  the  PL  spectra 
of  GaAs  films  on  thick  (0.040")  Si  substrates,  which  have  only 
small  cracks  near  the  cleavage  edge  are  similar  for  all  parts  of 
the  sample.  PLE  spectra  of  these  well-behaved  samples 
indicate  the  presence  of  a  continuous  nonuniform  strain  field 
in  the  GaAs  film,  rather  than  the  two  discrete  levels  observed 
in  the  crack-prone  films  on  thinner  Si  substrates. 

The  GaAs/Si  samples  containing  3-unt  thick  GaAs 
films  on  Loth  sides  of  the  Si  substrate  exhibited  PL  spectra 
that  were  similar  to  that  obse.ved  for  the  single-sided  growth, 
the  main  difference  being  the  appearance  of  additional 
impurity  peaks.  Although  wafer  bowing  is  eliminated  by 
double-sided  growth,  the  PL  data  confirm  that  the  internal 
strain  in  these  samples  is  essentially  the  same  as  for  single- 
sided  fccowih.  The  PL  and  PLE.  data  indicate  that  the 
measured  stress  is  independent  of  substrate  thickness. 

Doping  profiles  of  the  GaAs/Si  samples  were  obtained 
from  capacitance- voltage  (C-V)  measurements  using  a  mercury 
probe.  Ail  samples  were  found  to  be  n-type  with  the  currier 
concenualion  in  some  cases  exceeding  I0'7  cm^  within  0.5 
um  of  the  surface.  In-situ  annealing  of  the  thin  GaAs  buffer 
layer  prior  to  deposition  of  the  to?  layer  both  improved  the 
crystaline  quality  of  the  epilayer.  as  measured  bv  the  linewidth 
of  the  X-ray  rocking  curves,  and  led  to  considerable  reduction 
in  the  background.  In  general,  a  quadratic  relationship  was 
observed  between  the  carrier  concentration  of  the  samples  and 
their  X-ray  linewidths.  This  type  of  behavior  has  also  been 
observed  in  lattice  mismatched  InGaAs.  InP  grown  by  the 
hydride  process,  where  the  unusually  high  carrier 
concentration  was  determined  to  be  an  intrinsic  property  of 
the  large  number  of  dislocations  resulting  from  the  lattice 
mismatch  in  the  samples. 

In  conclusion.  G3As  heteroepitaxial  films  on  Si  contain 
large  biaxial  tensile  strains  due  to  the  thermal  mismatch  of  the 
two  materials.  The  lattice  misfit  strain  component  is 
negligible,  being  almost  entirely  relieved  by  the  generation  of 
dislocations.  The  internal  strain  field  causes  wafer  bowing 
and,  for  thicker  GaAs  layers,  film  cracking.  Wafer  bowing 
was  successfully  eliminated  by  growth  of  GaAs  films  on  both 
sides  of  the  Si  substrate.  Insight  into  the  heteroepitaxial 
process  and  character  of  the  strain  field  was  obtained  by 
analysis  of  crack-free  GaAs  films  deposited  on  0.040"  thick  Si 
substrates,  in  addition  to  use  of  wafers  having  the  more 
standard  0.020"  thickness.  The  strain  in  well-behaved  samples 
was  distributed  in  a  continuous  nonuniform  manner 
throughout  the  film,  while  that  in  crack-prone  samples 
appeared  to  be  concentrated  in  two  discrete  regions.  When  the 
number  of  misfit  defects  in  GaAs/Si  exceeded  108  cm'3,  thev 
were  observed  to  affect  the  background  carrier  concentration 
in  the  films  so  that  C-V  determinations  of  n,  no  longer 
provided  a  reliable  measure  of  Np-NA. 
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The  generation  of  dislocations  during  growth  and  their 
propagation  into  the  growing  film  is  a  subject  of  perennial 
interest  in  heteroepitaxial  growth.  One  effect  of  misfit  dislo¬ 
cations  is  the  presence  of  a  misorieutation  or  tilt  between  an 
epitaxial  layer  and  the  substrate.  This  phenomenon  has  boon 
studied  in  depth  by  Olsen  and  Ettcnberg,1  who  showed  that 
the  inclination  of  the  Burgers  vector  of  a  misfit  dislocation 
with  respect  to  the  heterointerface  will  create  a  vector  com¬ 
ponent  that  is  perpendicular  to  the  interface  and  result  in  a 
misorientation  or  tilt  between  the  layer  and  substrate.  Tin* 
origin  of  this  misorientation  is  illustrated  in  Figure  1.  A  dislo¬ 
cation  Burgers  vector  lying  in  a  crystallographic  direction  can 
be  resolved  into  components  that  are  parallel  and  perpendicu¬ 
lar  to  the  heterointerface.  The  parallel  component  represents 
a  pure  misfit  component  that  is  effective  at  relieving  the*  lat¬ 
tice  mismatch  at  the  interface.  In  contrast,  the  perpendicular 
component  gives  rise  to  a  misorientation.  The  tense  of  the 
misorientation  is  shown  in  Figure  2,  where  an  array  of  dis¬ 
locations  with  perpendicular  Burgers  vectors  with  the  same 
sense  form  a  low  angle  boundary. 

Recently  the  epit axial  layer  misorientation  in  GaAs  on  Si 
has  been  reported.5  While  misfit  dislocations  that  were  aj> 
pioxitnately  parallel  to  the  interface  (commonly  referred  to  as 
Type  I  dislocations)  were  found  to  be  capable*  of  producing 
epitaxial  layer  misorientation.  the  sense  of  this  tilt  was  oppo¬ 
site  to  that  which  was  observed  experimentally.  The  direction 
of  the  tilt  was  correctly  predicted  by  a  model  in  which  one  set 
of  4o°  dislocations  (so-called  Type  II  dislocations)  is  formed 
preferentially  due  to  greater  relief  of  the  4.1%  Ga As/Si  misfit. 
The  changes  in  the  tilt  between  the  epitaxial  layer  and  the 
substrate  were  attributed  to  changes  in  the  relative  propor¬ 
tions  of  the  various  dislocations  that  were  generated  during 
the  GaA  s-on-Si  epitaxial  growth. 

In  the  present  study  we  have  examined  further  the  rela¬ 
tionship  between  MBE  growth  and  post-growth  processing  on 
die  misorientation  epitaxial  GaAs  on  Si.  X-ray  diffraction  has 
been  used  to  monitor  the  misorientation.  Figures  3  and  4  show 
x  ray  results  from  GaAs  on  Si  samples  that  were  grown  us 
ing,  respectively,  a  two-step  regimen  (deposition  of  the  initial 
1000 A  of  GaAs  at  475°C  at  0.3  pm/hr  followed  by  growth  of 
the  bulk  of  the  film  at  0.9  pm/hr  at  a  substrate  temperature  of 
approximately  550°C)  and  a  temperature  . superlattice  (TSL) 
growth  initiation  where  the  substrate  temperature  was  cycled 
between  approximately  450°C  and  550°C  for  the  first  lOUOA.  ’ 
Both  samples  were  also  subjected  to  a  post  growth  anneal  at 

ff,r  Lf>  minutes.  The  x-ray  data,  which  show  the  separn 
tion  of  the  GaAs  and  silicon  (004)  reflections  and  the  angular 
s»*t tings  of  the  silicon  peak  during  rotation  about  the  surface 
..ormai.  exhibit  sinusoidal  variations  in  u.\,  and 
the  variations  in  the  substrate  (001)  reflections  are  merely  in 


dicative  of  the  3.5°  Si  misorientation  that  is  required  in  GaAs 
on  Si  for  the  supression  of  antiphase  domain  formation  during 
growth.  The  magnitude  of  the  tilt  between  the  GaAs  and  the 
Si  substrate  are  0.09G0  for  the  two-step  growth  sample  (Figure 
3)  and  0.113°  for  the  sample  grown  using  the  TSL  approach 
(Figure  4).  While  the  tilt  in  the  two-step  GaAs  is  similar  to 
that  reported  previously  for  a  similar  sample,2,  the  as-grown 
TSL  sample  exhibits  a  significantly  larger  misorientation.  The 
tilt  after  annealing  was  found  to  be  0.068°  and  0.028°  for  the 
two-step  and  TSL  samples,  respectively.  The  decrease  in  tilt 
in  the  two-step  sample  is  again  consistent  with  previous  ob¬ 
servations;  this  is  in  contrast  with  the  large  decrease  in  the 
TSL  GaAs  tilt  after  anneling.  The  diffen-me  between  the 
two-step  and  TSL  samples  can  be  explained  by  the  difference 
in  dislocation  structure  that  is  created  at  growth  initiation. 
It  is  important  to  note  that  the  effects  of  a  microscopic  de¬ 
fect  rearrangement  arc  manifested  as  a  macroscopic  change  in 
epilayer  misorientation. 

A  comparison  between  the  two  samples  also  reveals  that 
the  phase  of  the  GaAs  tilt  is  advanced  with  respect  to  the 
substrate  in  the  two-step  sample  while  it  is  retarded  in  the 
sample  grown  using  the  TSL.  The  phase  of  the  epitaxial  layer 
misorientation  also  changed  significantly  in  both  cases.  This 
is  most  evident  in  the  annealed  TSL  sample  where  the  max¬ 
ima  in  the  u.'si  and  the  A»  curves  differ  by  about  90°. 

This  effect  can  be  ascribed  to  the  relative  proportions  of  Type 
II  dislocations  in  the  sample.  The  "phase"  data  suggest  an 
inequivalence  in  the  four  possible  Type  II  dislocations  (each 
with  perpendicular  Burgers  vector  components)  in  the  two 
samples. 

It  has  recently  been  shown  that  post-growth  annealing  of 
GaAs-on-Si  under  a  zinc  overpressure  can  favorably  impact  the 
dislocation  structure  of  the  GaAs  film.4  Since  Zn  is  a  p-iypr 
dopant  in  MBE  GaAs,  it  is  possible  that  the  incorporation  of 
Be  during  growth  might  influence  the  dislocation  structure  us 
well-  Figures  5  illustrates  the  misorientation  measurement?, 
made  from  a  2  /on  thick  GaAs  film  grown  with  the  two-step 
procedure  that  was  heavily  Be-dopod  during  the  first  6(100 
A  of  growth.  The  data  show  an  extremely  large  misorienta 
tion  of  0.175°  in  the  as-grown  Be- doped  sample:  this  result 
suggests  a  significant  change  in  the  dislocation  structure  as  a 
result  of  doping.  Following  post  growth  anneal,  the  magni 
t.ude  of  the  tilt  decreased  but  was  still  much  larger  than  that 
observed  in  undoped  GaAs  on  Si.  In  contrast,  the  Zn  diffused 
sample  (Figure  6)  showed  little  difference  in  the  magnitude 
of  tilt  before  ami  after  the  post-growth  treatment.  The  fact 
that  the  tilt  did  not  change  greatly  while  tin*  x-ray  rocking 
curve  decreased  by  50%  suggests  that  Zn  diffusion  reduces  all 
dislocations  uniformly  without  regard  to  *ypo. 

1)  G.H.  Olsen  and  M.  Ettenborg.  in  Crystal  Growth.  Theory 

and  Techniques  2  (ed.  C.H.L.  Goodman).  1  (1978). 

2)  R.J.  Matyi.  J.W.  Lee  and  H.F  Schaake.  J.  Electron.  Mater 
12.  87  (19S7). 

3)  J.W.  Lee,  Proceed.  lOSGInt.  Symp.  on  GaAs  and  Related 
Compounds,  Inst.  Pbys.  Conf  Ser.  §3.  ill  (19871. 

4)  D.G.  Deppe.  N.  Holonyak.  K.C  Hsieh.  DAY.  Nam  \Y  V 
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!nASi  xSbx/InSb  strained-layer  superlatticcs  (SLS's)  have 
been  proposed  for  use  as  long  wavelength  detectors  in  the 
8-12**™  range  (1J.  The  preparation  of  crack-  and  dislocation- 
free  lnAsl  xSbx/InSb  SLS’s  which  absorb  in  the  8-12Mm  range 
has  been  recently  demonstrated  [2].  Infrared 
photoluminescence  was  performed  on  these  SLS's  and 
estimates  of  the  band  offsets  and  strain  shifts  in  these  materials 
indicate  that  the  superlattice  is  type  II  [3].  The  preparation  of 
these  high  quality  SLS’s  was  achieved  through  the  use  of 
compositionally  graded  buffer  layers.  These  SLS’s  and  buffer 
layers  were  grown  by  metal-organic  chemical  vapor  deposition 
(MOCVD). 

The  structures  prepared  in  this  work  consisted  of  the  InSb 
substrate,  an  initial  InSb  epitaxial  layer,  a  buffer  layer  and  an 
uppermost  superlattice.  The  buffer  layers  were  of  four  types: 
i)  a  constant  composition  layer;  2)  a  step-graded  layer 
consisting  of  three  or  five  equal  thickness,  constant 
composition  layers;  3)  a  continuously  graded  layer  where  x 
increased  exponentially  with  layer  thickness  and  4)  a 
continuously  graJ  '1  layer  in  which  x  increased  linearly  with 
layer  thickness.  The  compositions  were  determined  from 
double-crystal  x-ray  rocking  curves  using  the  (004)  and  (115) 
reflections.  The  strain  distribution  and  layer  thicknesses  of 
both  the  buffer  layers  and  the  SLS's  were  obtained  using  a 
kinemaiical  model  as  previously  desc  ibcd  (4j.  The  surface 
morphologies  were  examined  by  Nomarski  interference 
contrast  microscopy.  The  distribution  of  dislocations  in  the 
bulfer  layers  was  investigated  by  transmission  electron 
microscopy. 

The  surface  morphologies  of  the  samples  grown  on  thick, 
continuously  graded  buffer  layers  showed  the  presence  of  the 
normal  cross  hatching  which  is  typical  of  mismatched  layers 
which  contain  dislocations.  However,  the  surfaces  which 
contained  thin  buffers  or  buffers  with  abrupt  compositional 
steps  indicated  the  presence  of  microcracks.  The  correlation 
between  thickness  and  crack  formation  was  found  to  closely 
follow  the  predictions  of  Matthews  and  Klokholm  [5].  When  a 
critical  layer  thickness  was  exceeded  for  a  particular  mismatch, 
microcracks  formed  in  the  samples.  The  thicker,  continuously 
graded  buffer  layers  apparently  allow  enough  dislocations  to 
form  during  ti  e  layer  growth  so  that  the  critical  layer  thickness 
for  crack  formation  is  never  exceeded.  In  contrast,  not  enough 
dislocations  are  formed  in  the  thinner  layers  to  prevent  the 
critical  layer  thickness  for  crack  formation  from  being 
exceeded. 


Direct  evidence  for  the  lack  of  sufficient  dislocation 
formation  to  remove  all  of  the  mismatch  between  the  buffer 
layer  and  the  substrate  was  obtained  b^  double  crystal  x-rav 
diffraction.  The  strain  profiles  for  all  of  the  samples  examined 
indicated  that  there  was  some  residual  strain  in  all  of  the 
buffer  layers  which  were  examined.  The  residual  strain  occurs 
when  not  enough  dislocations  or  cracks  form  to  allow  the 
buffer  layer  to  relax  to  its  equilibrium  lattice  constant.  The 
residual  strain  in  the  buffer  layers  ranged  from  10  to  30 
percent.  The  most  strain  relief  took  place  in  the  linearly 
graded  buffer  layers.  This  greater  strain  relief  results  in  a 
better  laitice  match  between  the  SLS  and  the  buffer  layer 
This  in  turn  leads  to  a  smaller  residual  strain  in  the  SI.S  and 
correspondingly  larger  critical  layer  thicknesses  for  dislocation 
and  crack  formation.  By  using  the  amount  of  residual  strain 
present  in  the  graded  layer  to  predict  the  final  lattice  constant 
for  the  buffer  layer,  it  should  be  possible  to  grow  a  nearly 
sfr;»in  free  SLS. 

Transmission  electron  microscopy  provided  direct  evidence 
for  the  enhanced  strain  relief  in  the  thicker  buffer  layers  by  the 
formation  of  misfit  dislocations  within  the  bulk  of  the  buffer 
layers.  Dislocations  were  observed  only  at  the  substrate-buffer 
layer  or  buffer-buffer  layer  interfaces  in  the  thinner  buffer 
layers. 

The  degree  of  relaxation  in  these  buffer  layers  is 
considerably  less  than  would  be  expected  from  the  results  of 
conventional  equilibrium  models,  but  it  is  more  complete  in 
the  continuously  graded  than  in  the  step-graded  layers.  This 
behavior  can  be  explained  in  terms  of  Taylor-type  work 
hardening  which  invokes  interactions  between  the  dislocations 
(6).  Comparisons  of  the  predictions  of  these  models  wall  be 
presented  and  their  use  in  designing  strain-relieved  structures 
will  be  discussed. 
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Epitaxial  metallic  nitride  films  on  SI  substrates 
have  potential  applications  for  high-stability 
metallization,  metal-base  transistors,  and  30 
integrated  circuits.  Despite  the  large  lattice 
mismatch  Inherent  in  the  systems  (TIN  -  26X,  ZrN  - 
16?},  epitaxial  TIN  and  ZrN  films  have  been  grown  on 
SI (100),  Reactive  magnetron  sputtering  from  T1  or  Zr 
targets  in  pure  N %  discharges  yielded  growth  rates 
from  500  to  1000  nm/h.  Substrate  temperatures  T$  from 
600  to  1100°C  were  used.  Auger  electron  spectroscopy 
showed  that  films  grown  at  T.  >  600°C  were 
stoichiometric.  Reflection  electron  diffraction 
(RED),  TEM,  and  X-ray  pole  figure  and  diffractometer 
measurements  were  used  to  show  that  epitaxial  TIN  and 
ZrN  were  obtained.  Studies  of  the  epitaxial  interface 
and  defect  structure  using  cross-section  TEM  will  be 
described.  Initial  ZrN  experiments  showed  Increased 
preferential  orientation  of  film  grains  with  the 
substrate  as  T$  was  Increased  above  750°C  until 
epitaxial  films  were  obtained  at  900°C.  More  recent 
TIN  results  showed  epitaxy  for  T$  >  700°C. 
Substantial  improvements  In  film  quality  were 
obtained  by  depositing  the  first  50  nm  at  low  T$  and 
then  raising  T$  for  the  balance  of  the  growth.  The 
epitaxial  relationships  were  found  to  be 
XN{  100 ) / /S i ( 100)  and  XN[011]//S1  [Oil]  for  X  -  T1  and 
Zr. 
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Lattice  mismatched  h«» eroepi Lax i al  structures 
including  st ra i ned-1 ayer  superlatl ices  (SLSs)  of 
semiconducting  materials  are  currently  of  con¬ 
siderable  interest  in  the  electronics  community.  It 
is  now  generally  accepted,  however,  that  SLSs  with 
arbitrarily  large  interlayer  strain  and  thicknesses 
and  perfect  planar  morphology  are  difficult,  if  not 
impossible,  to  grow  (1,2,3).  Using  quasi -elast  ic 
light  scattering,  we  show  that  this  is  a  consequence 
of  the  intrinsic,  thermodynamic  tendency  of  strained 
epitaxial  films  to  grow  with  a  three-dimensional 
morphology. 


Most  of  the  experimental  insight  into  this  problem 
has  been  gleaned  from  work  on  the  growth  of  SLSs 
using  MBE  and  the  host  of  in  situ  analytical  equip¬ 
ment  typically  found  on  most  MBE  machines.  The 
situation  for  MOCVD-grown  SLSs  is  considerably  less 
advanced  due,  in  large  part,  to  the  lack  of  in  situ 
growth  monitoring  technioues.  With  this  in  mind,  we 
ha-’e  developed  a  simple  apparatus  for  measuring  the 
quas i -el  as t i c  light  scattering  (QLS)  from  the  sur¬ 
face  of  a  growing  epilayer  (4).  The  QLS  measurement 
is  sensitive  to  the  roughness  or  three-dimei*  ji  onal 
(3-D)  morphology  of  the  growing  surface. 


A  schematic  of  the  QLS  apparatus  in  combination  with 
the  MOCVD  reactor  is  shown  in  Fig.  1.  Light  from  a 
15  mW  HeNe  laser  is  directed  approximately  normal  to 
the  surface  of  the  growing  crystal  through  a  quartz 
window.  The  window  is  effectively  cooled  by  the  in¬ 
coming  source  gases  and  consequently  remains  trans¬ 
parent  for  the  duration  of  the  experiment.  The 
scattered  light  at  an  angle  (close  to  0°)  is 

focused  by  a  telemicroscope  into  the  aperture  of  a 
silicon  photodetector.  The  MOCVD  apparatus  is  com¬ 
puter-controlled  with  a  gas  manifold  and  reactor 
geometry  designed  to  yield,  al  one  atmosphere 
pressure,  abrupt  interlayer  transitions.  The  source 
gases  were  t r imet hy 1 ga 1 1 i um  (TMC),  t ri methyl indi urn 
(TM1  )  and  AsH,  and  PH^  diluted  1:10  in  Hj.  The 
flowrate  of  the  carrier  gas  was  3  slm.  The 

layers  were  grown  on  either  semi -i nsul at ing  or  Zn- 
doped  (1  X  10  ®cm  )  CaAs  substrates  oriented  2°  off 
(100)  toward  ( 1)0) . 


For  lattice  matched  he c e roep i t ax i a  1  systems  (such  as 
AlCaAs/CaAs,  Cflo . 5 1 n0 . 5P/CaAs  and  InQ  ^CaQ  ^As/!nP) 
we  find,  in  general,  that  the  growth  morphology  is 
dominantly  2-D  yielding  surfaces  that  are  specular, 

i.e.,  yielding  little  or  no  scattered  light.  For 
lattice-mismatched  systems,  the  situation  is  more 
complex.  This  is  illustrated  in  Figs.  2-4.  Fig.  2 
shows  the  time  resolved  QLS  (lg)  from  the  growing 
surface  of  Ca  Inj_xAs  on  CaAs  for  four  different 
values  ol  x.  This  behavior  is  charac ter i st i c  of  the 
St rans k i -K ra s t anov  growth  mechanism:  nucleation  and 
growth  of  a  continuous  epilayer  with  a  smooth,  ?-D 
surface  morphology  (as  evidenced  by  little  or  no 
change  in  I  )  followed  by  the  onset  of  a  3-D  growth 
morphology  (and  a  s*rong  increase  in  I  ).  For  x=0, 
the  lattice  mismatch  between  the  InAs  and  the  CaAs 
substrate  is  roughly  8Z ,  and  the  thickness  of  the 
?-f)  layer  is  a  few  monolayers.  For  larger  values  of 
*  (and  correspondingly  smaller  values  of  lattice 
mismatch)  the  thickness  of  the  2-D  layer  becomes 
larger  and  exceeds  90  nm  for  x^0.75.  In  general, 
however,  the  transition  from  2-D  to  3-D  growth  is 
not  abrupt.  Furthermore,  note  the  similarity  with 
coherent  epitaxy  and  the  critical  layer  thickness 


for  the  generation  of  misfit  dislocations.  It  is 
possible  that  the  3-D  growth  is  caused  by  the 
presence  of  dislocations  generated  by  misfit. 

Figs.  3  and  4  compare  the  heleroepi laxy  with  1 nP  and 
Csq  1  Oq  ^ As  on  CaAs  and  illustrate  the  effect  of 
other  factors  including  growth  rate,  temperature, 
and  V/1II.  InP  and  CaQ  ^As  have  the  same  lat¬ 

tice  constant  and  hence  the  same  lattice  mismatch 
with  respect  to  CaAs,  yet  InP  grows  with  a  stronger 
3-D  morphology  than  CaQ  ^InQ  ^As .  Similarly, 
stronger  3-D  growth  is  observed  for  increased  growth 
temperature  and  V/JII  ratio  and  decreased  growth 
rate.  These  results  suggest  that  factors  that 
increase  the  adatom  surface  mobility  relative  lo  the 
incident  diffusion  flux  will  tend  to  increase  to  the 
effect  that  lattice  mismatch  has  on  the  3-D  growth 
morphology . 

The  Stanski -Krast anov  mode  of  growth  is  also 
observed  for  SLSs.  The  transition  from  2-D  to  3-D 
growth  morphology  is  determined  primarily  by  a  com¬ 
bination  of  the  interlayer  strain  and  the  strain 
between  the  SLS  and  the  underlying  buffer  layer  or 
substrate.  Again,  these  effects  are  modulated  by 
surface  kinetic  and  chemical  parameters. 
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Fig.  1  A  schema!  ic  diagram  of  the  Ql.S-MOCVD 
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Pseudomorphic  InGaAs  heterostructures  grown  using  MBE 
are  playing  an  increasingly  important  role  in  the  develop¬ 
ment  of  III- V  heterostructure  FET  devices.  Characteriza¬ 
tion  of  strain  in  these  heterostructures  is  essential  not 
only  because  of  the  strain-induced  InGaAs  valence  band 
splitting  which  gives  rise  to  enhanced  hole  mobility  and 
tnereby  improved  p-channel  device  performance,  but  also 
because  the  incomplete  accommodation  of  InGaAs  and 
GaAs/AIGaAs  lattice  mismatch  by  strain  results  in  the 
formation  of  misfit  dislocations  which  severely  degrade 
device  performance. 

In  i7GajnAs/GaAs  strained-layer  superlattices  (nominally 
75  periods  of  200  Angstrom/200  Angstrom)  were  grown  on 
3  inch  GaAs  substrate  wafers  using  a  PHI  425A  MBE 
system.  The  thickness  of  the  In.j7Ga.g3As  layer  thickness 
was  chosen  to  be  approximately  equal  to  the  180  Angstrom 
critical  layer  thickness  for  the  formation  of  misfit 
dislocations  /I /.  Making  use  Cu(K^)  radiation  and  the 
Bond  method  to  eliminate  Cu(Kal)/(Ko2)  splitting  and 
positioning  errors  respectively,  Theta/2-Theta  x-ray 
diffraction  scans  of  superlattice  satellite  peaks  near  the 
GaAs(400)  peak  were  carried  out  at  a  numoer  of  positions 
radially  from  the  center  to  the  edge  of  the  3  inch  wafer. 


The  superlattice  period  was  determined  using  a  least 
squares  fit  to  the  angular  positions  of  the  superlattice 
satellite  peaks  in  the  Theta/2-Theta  scans  /2 /.  Using 
this  method,  the  period  of  the  In  ^Ga^As/GaAs  super- 
lattice  was  found  to  decrease  monotonically  from  the 
center  to  the  edge  of  the  wafer  by  approximately  15%. 

The  strain  perpendicular  to  the  interface  in  both  the 
In  tfGa^jAs  and  GaAs  layers  as  well  as  the  individual 
layer  thicknesses  were  determined  by  comparison  of  the 
superlattice  satellite  intensities  with  a  calculation  based 
upon  an  abrupt  interface  model  /3/.  The  strain  in  these 
layers  parallel  to  the  interface  was  then  determined  using 
the  Poisson  ratio. 

A  significant  variation  in  the  compressive  parallel  strain 
in  the  In.17Ga.g3 As  layers  was  observed  radially  from  the 
center  of  the  wafer  as  shown  in  Figure  1.  The  strain  in 
the  center  of  the  wafer  was  found  to  be  approximately 
30%  smaller  than  the  strain  near  the  edge  of  the  wafer. 
Figure  1  also  shows  that  only  a  small  fraction  (i.e., 
between  15%  and  20%)  of  the  total  strain  in  the 
In.17Ga.g3As/GaAs  superlattice  was  localized  in  the  GaAs 
layers,  and  that  this  tensile  parallel  strain  in  the  GaAs 
exhibited  no  clear  dependence  on  position  radially  across 
the  wafer.  In  agreement  with  the  superlattice  period 
results,  the  thickness  of  the  individual  In.17Ga.gtAs  and 
GaAs  layers  was  found  to  decrease  approximately  15%  from 
the  center  to  the  edge  of  wafer. 

The  close  correlation  between  the  variation  in  the 
Irt.i7Ga.gjAs  layer  thickness  and  the  strain  in  the 
Ifl'^Ga^As  layer  is  shown  clearly  in  Figure  2.  Note 
that  the  absolute  values  of  the  compressive  parallel  strain 
in  the  In.pGa  «jAs,  the  tensile  parallel  strain  in  the  GaAs 
and  the  total  strain  are  plotted.  Perhaps  the  most 
striking  feature  of  Figure  2  is  the  sharp  decrease  in  the 


total  strain  in  the  In.17Ga.g3As/GaAs  superlattice  when 
the  In  ^GagjAs  layer  thickness  exceeds  197  Angstrom. 
The  strain  in  the  In.pGa.g3As  layer  as  well  as  the  total 
strain  continue  to  decrease  for  larger  ln.pGa.g3As  layer 
thicknesses. 

The  percentage  of  the  lattice  mismatch  accommodated  by 
lattice  strain  in  the  various  layers  can  also  be  calculated 
using  Vegard’s  law  to  establish  the  total  lattice  mismatch 
between  the  In.pGa.gjAs  and  GaAs  layers.  Using  the  data 
shown  in  Figure  2  for  In.pGaj^As  layer  thicknesses 
below  197  Angstrom,  it  was  found  that  essentially  100%  of 
the  lattice  mismatch  is  accommodated  by  the  total  lattice 
strain  in  the  In.pGajyAs  and  GaAs  layers.  In.pGa.g3As 
layers  thicker  than  1$7  Angstrom  have  from  87%  down  to 
74%  of  the  lattice  mismatch  accommodated  by  the  total 
lattice  strain  in  the  In.pGa.gjAs  and  GaAs  layers. 

It  should  be  noted  that  misfit  dislocation  lines  were 
clearly  visible  using  Nomarski  microscopy  at  positions  on 
the  wafer  where  the  x-ray  diffraction  measurements 
indicate  that  100  %  of  the  lattice  mismatch  is  accom¬ 
modated  by  strain.  This  is  in  agreement  with  previous 
observations  that  strain  is  not  a  good  indicator  of  the 
onset  of  misfit  dislocation  formation  /4,5/.  These  misfit 
dislocations  undoubtedly  result  from  the  fact  that  the 
total  thickness  of  all  of  the  In.pGa.g3As  layers  in  the  75 
period  superlattice  exceeds  the  critical  layer  thickness  by 
almost  two  orders  of  magnitude. 

However,  the  substantial  decrease  in  the  total  strain  for 
In  pGa^jAs  layer  thicknesses  greater  than  197  Angstrom 
provides  clear  evidence  that  there  is  a  significant  increase 
in  the  misfit  dislocation  density  for  thicker  In  .7Ga  8jAs 
layers.  It  is  important  to  note  that  this  evidence  Tor 
increased  misfit  dislocation  density  occurs  at  an 
In.17Ga.g3As  layer  thickness  that  is  approximately  10  % 
larger  than  the  180  Angstrom  critical  layer  thickness 
predicted  by  the  Matthews-Blakeslce  model  /l/,  thereby 
providing  further  support  for  the  validity  of  this  model. 

The  use  of  X-ray  diffraction  to  measure  strain  in 
In  pGa^As/GaAs  strained  layer  supcrlattices  can  also  be 
used  to  examine  the  long  term  stability  of  strained 
systems  or  to  investigate  the  effects  of  various  device 
processing  steps  on  the  strain.  For  example,  this 
technique  has  been  used  to  show  that  a  Rapid  Optical 
Anneal  (ROA)  typical  of  that  used  in  the  self-aligned  gate 
device  fabrication  process  has  virtually  no  effect  on  the 
strain  in  these  strained  layer  systems  /3/. 
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Figure  1.  Lateral  variation  in  the  absolute  value  of  the 
parallel  strain  in  individual  In  nGajpAs  and  GaAs  layers 
as  well  as  the  combined  parallel  strain  for  a  strained- 
layer  In  ^Ga^jAs/GaAs  superlattice. 
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Figure  2.  In  ,,Ga  ,,As  layer  thickness  dependence  of  the 
absolute  valde  of  the  parallel  strain  in  individual 
In  ,,Ga jt,As  and  GaAs  layers  as  well  as  the  combined 
parallel  strain  for  an  ln.17Ga.g3As/GaAs  superlattice. 
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ABSTRACT 


X-ray  double  crystal  rocking  curve  data  for  an  InGaAs  epitaxial 
layer  grown  on  a  (100)  oriented  InP  substrate  by  metal  organic 
chemical  vapor  deposition  (  M  O  C  V  D  )  were  obtained  at  30 
locations  on  a  wafer  measuring  14  x  28  mm.  The  mismatch  on 
this  wafer  varied  from  -0.14%  at  the  upstream  edge  to  +0.08%  at 
the  downstream  edge.  The  mismatch  did  not  vary  in  the  direction 
lateral  to  the  gas  flow  direction  in  the  horizontal  MOCVD 
reactor.  Full  width  at  half  maximum  (FWHM)  values  were 
clearly  correlated  to  the  sign  of  the  mismatch.  The  smallest 
linewidths  were  found  in  the  case  of  positive  mismatch.  In 
addition,  as  shown  in  Fig.  I,  strong  Pendellosung  fringes  were 
observed  for  the  positively  mismatched  portion  of  the  wafer,  and 
these  fringes  were  used  to  obtain  the  variation  in  the  thickness  of 
the  epitaxial  layer.1  All  the  rocking  curve  data  were  obtained 
under  computer  control.  Automated  x-y  stepping  and  crystal 
alignment  permitted  unattended  data  gathering.  The  thickness  of 
the  epitaxial  layer  varied  from  0.396  microns  to  0.350  microns. 
The  change  in  linewidth  as  the  :  match  changed  sign  appears  to 
rule  out  mosaic  broadening  du  j  misfit  dislocations.  Models 
involving  a  mosaic  broadening  due  to  dislocations  threading  up 
from  the  substrate  in  the  case  of  negative  mismatch  (but  not  for 
positive  mismatch)  will  be  discussed.  For  the  portion  of  the 
sample  which  was  positively  mismatched  the  linewidths  are  equal 
to  ideal  values  calculated  using  dynamical  diffraction  theory.  To 
our  knowledge  this  degree  of  perfection  has  not  been  reported 
previously  for  InGaAs  grown  on  InP  by  MOCVD. 
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In  the  growth  of  III-V  materials  for  optoelectronic 
applications,  it  is  frequently  important  that  epi¬ 
taxial  layers  of  ternary  and  quaternary  alloys  be  ,  , 
closely  lattice  matched  to  a  binary  alloy  substrate  ~ 
Careful  control  of  gas  phase  growth  parameters  is 
therefore  required  in  vapor  phase  epitaxy  to  minimize 
variations  in  the  composition  of  the  layers  grown. 

It  has  been  demonstrated^  that  such  control  also 
enables  the  growth  of  InGaAs  having  a  high  degree  of 
crystalline  perfection.  Conversely,  measurements  of 
lattice  mismatch5, 6  provide  a  sensitive  method  for 
investigating  compositional  variations  in  epitaxial 
layers.  Variations  in  In:Ga  ratio  can  be  estimated 
with  an  accuracy  of  the  order  of  O.lt  from  lattice 
mismatch  values  determined  by  x-ray  diffraction 
measurements.  In  contrast,  it  is  usually  difficult  to 
achieve  an  accuracy  better  than  1 -2%  in  measurements 
of  growth  rate.  The  relative  rates  of  deposition  of 
indium  and  gallium  in  the  growth  of  InGaAs  can  there¬ 
fore  be  investigated  with  much  greater  accuracy  that 
the  corresponding  rates  of  deposition  of  binary 
compounds.  Thus,  x-ray  diffraction  determinations 
of  lattice  mismatch  provide  a  unique  means  of  in¬ 
vestigating  aspects  of  the  deposition  kinetics  of 
ternary  alloys  such  as  InGaAs  with  much  greater 
sensitivity  than  can  be  achieved  in  comparable  inves¬ 
tigations  of  binary  alloy  growth. 

Results  of  double  crystal  x-ray  diffraction  measure¬ 
ments  to  determine  the  lattice  mismatch  of  epitaxial 
layers  of  InGaAs  on  InP  will  be  presented.  These 
measurements  have  been  made  on  layers  grown  under  a 
variety  of  gas  compositions.  Scanning  electron 
microscopy  measurements  on  cleaved  cross  sections  have 
been  used  to  determine  corresponding  growth  rates. 

The  composition  of  the  InGaAs  was  influenced  by  the 
input  mole  fractions  of  HC1  to  the  metal  boats,  by  the 
mole  fraction  of  HC1  injected  directly  into  the  growth 
region,  and  by  the  input  mole  fraction  of  arsine. 
Growth  rate  and  lattice  mismatch  data  for  layers 
grown  using  various  different  values  of  these  gas 
phase  parameters  will  he  presented.  In  general,  the 
growth  rate  was  found  to  increase  with  increasing 
mole  fraction  of  arsine  and  with  decreasing  mole 
fraction  of  directly  injected  HC1 . 

A  clear  interrelationship  between  growth  rate,  lattice 
mismatch  and  gas-phase  metals  ratio  was  observed. 

This  provides  useful  information  on  the  relative  rates 
of  processes  occurring  at  the  gas-solid  interface 
during  growth.  It  will  be  shown  that  the  gallium 
content  of  the  layers  grown  decreased  with  increasing 
growth  rate.  The  data  is  consistent  with  depletion 
of  the  GaCl  concentration  at  the  gas-solid  interface 
due  to  diffusion  across  a  boundary  layer.  The  impli¬ 
cations  for  the  mechanism  of  the  growth  process  will 
be  analyzed. 

The  author  would  like  to  thank  A.  T.  Macrander  for 
helpful  discussions,  C.  M.  Stiles  for  SEM  measure¬ 
ments  and  W.  D.  Johnston,  Jr.  for  advice  and 
encouragement. 
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Figure  2  shows  a  least  squares  fit  to  the  data, 
using  the  parameters  given  In  Table  1  In  a 
kinematical  theory" .  These  parameters  are  In  good 
agreement  with  the  nominal  growth  parameters  and  show 
that  it  is  possible  to  obtain  structural  information 
on  epitaxial  layers  80  or  less,  in  thickness. 
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Double  crystal  x-ray  rocking  curve  analysis  is  a 
powerful  and  non- destructive  technique  for  the 
characterisation  of  heteroepltaxial  layer 
structures.1  However,  In  the  conventional, 

symmetrical  scattering  geometry,  the  penetration 
depth  of  the  x-ray  beam  is  of  the  order  of  10 
microns,  and  so  the  technique  lacks  sensitivity  for 
nanometer- scale  single  layers.  This  problem  may  be 
overcome  by  adopting  a  highly  asymmetric,  grazing 
incidence  scattering  geometry,  to  limit  the 
penetration  depth,  and  by  using  a  diffracted- beam 
analyser  crystal,  allowing  weak  scattering  features 
to  be  resolved  from  the  background  noise.  The  extra 
resolution  provided  by  the  triple- crystal 
spectrometer  enables  a  detailed  mapping  of  the 
scattered  x-ray  intensity  in  sample  reciprocal  space, 
and  thus  yields  Information  on  lattice  mismatch  both 
perpendicular  and  parallel  to  the  sample  surface 
normal2.  Termination  of  the  lattice,  in 

heteroepltaxial  layer  structures,  gives  rise  to  a  rod 
of  scattering  in  reciprocal  space  around  bulk 
reciprocal  lattice  points.  This  ’crystal  truncation 
rod’  lies  in  a  direction  perpendicular  to  the 
truncated  lattice  and  contains  information  on  lattice 
mismatch,  layer  thickness  and  interface  roughness*. 
In  a  recent  paper  we  have  used  this  technique  to 
characterise  a  buried  layer  only  200  &  thick’’.  A 
complementary  technique,  applicable  to  crystalline 
and  amorphous  materials,  Is  to  measure  the  specular 
x-ray  reflectivity  as  a  function  of  incident  angle. 
This  probes  the  variation  In  the  electron  density  of 
the  sample  material  with  depth  and  has  been  used  to 
study  layers  as  thin  as  15  ft,  using  a  conventional 
laboratory  x-ray  source*. 

In  this  paper  we  present  measurements  on  a 
strained  single  layer  quantum  well  grown  by  MOCVD  at 
Oxford  University.  The  experiments  were  carried  out 
using  the  trl ple-cry3tal  x-ray  spectrometer  at 
Edinburgh  University,  with  a  rotating  anode 
generator,  operating  at  3  kV.  Figure  1  shows  a 
schematic  representation  of  the  sample,  together  with 
the  integrated  intensity  distribution  along  the 
(0  0  1)  direction  around  the  GaSb  (2  2  4)  Bragg 
reflection.  The  Incident  angle  for  this  reflection 
is  approximately  3°  and  the  horizontal  axis  is  given 
in  reciprocal  lattice  units  a*,  where  a»  is  the 
reciprocal  lattice  constant  of  the  GaAs  substrate, 
perpendi cular  to  the  layer.  Three  main  features  are 
apparent r- 

(i)  The  Bragg  peak  is  broadened  due  to  the  presence 
of  the  lattice  matched  GaSb  capping  layer. 

(?)  The  weak  secondary  peak  arises  from  the  InGaSb 
quantum  well,  its  position  giving  a  lattice  parameter 
mismatch  between  the  quantum  well  and  buffer  layer 


~  •  18.6  «  10  *,  where  a  ■  6.085  ft 

(3)  Oscillations  superimposed  on  the  pattern  are  the 
effects  of  Interference  between  the  scattering  from 
the  capping  layer  and  quantum  well. 
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Table  1 


Capping  Layer:  Thickness  » 

RMS.  Roughness  - 
Aa/a  - 

Quantum  Well:  Thickness  - 

RMS  Roughness  • 
Aa/a  - 

Buffer  Layer:  RMS  Roughness  - 


268  8, 

19  8, 

0.8  .  10". 


£.  i  n  , 

18.6  «  10“'. 

X,  a  -  6.085  ft. 


Figure  1.  The  intensity  distribution  along  (00D, 
the  face  normal  direction  through  the  GaSb 

Bragg  peak. 
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This  paper  will  concentrate  on  the 
determination  of  lattice  mismatch  from  thin 
heteroepitaxial  layers  closely  matched  to 
their  substrate.  The  very  high  strain 
sensitivity  of  X-ray  diffraction  methods  is 
ideal  for  determining  layer  mismatch  although 
caution  is  required  in  the  interpretation. 
The  diffraction  from  single  layers  less  than 
0.5  microns  thick  cannot  be  simply 
interpreted  for  determining  the  mismatch)*^ 
and  for  multilayers  whole  pattern  simulation 
is  necessary.  The  errors  in  deriving  the 
mismatch  from  the  separation  in  the 
diffraction  peaks  and  using  Bragg's  Law  can 
be  very  large  (  >  10%)  if  other  diffraction 
effects  are  ignored,  fig.  1.  Computer 
simulation  of  the  profiles  using  dynamical 
theory  will  predict  the  correct  answer  with 
the  additional  benefit  of  estimating  the 
layer  thicknesses  to  high  accuracy.  To 
determine  the  correct  layer  mismatch  of 
complex  structures  it  is  necessary  to 

simulate  the  diffraction  profile  of  j  model 
of  the  structure  to  fit  the  experimental 
profile.  This  iterative  process  is 

time-consuming  and  can  be  assisted  by 

including  additional  information  learnt  from 
experience,  this  has  enabled  computer  fitting 
and  refinement  methods  to  give  excellent  fits 
between  theory  and  experiment,  fig.  2,  even 
for  structures  with  more  than  a  thousand 
layers.  Simpler  structures  with  single  buried 
layers  of  thicknesses  close  to  100A  can  also 
be  studied  in  this  way,  experimentally  the 
results  are  obtained  by  grazing  incidence 
diffraction  to  enhance  the  diffraction 
effects . 

In  the  case  of  bent  samples  the  important 
information  in  the  rocking  curve  can  be 
swamped.  This  is  especially  apparent  at 
grazing  incidence.  The  problem  can  be 
overcome  by  using  a  high  resolution  multiple- 
reflection  di f fractometer3  composed  of  a 
four-crystal  reflection  monochromator  and  an 
analyser  crystal  after  the  sample.  Such  an 
arrangement  allows  any  reflection  to  be 
studied  with  little  dispersion  and  a  well 
defined  acceptance  angle  for  the  detector. 
This  has  proved  very  powerful  in  the  w  -  20 
scan  mode  and  also  in  the  mapping  geometry 
for  separating  strain  and  orientation  effects 
in  diffraction.  An  example  of  a  severely 
bent  structure  composed  of  1517  layers  of 
AlAs  and  GaAs  gave  a  broad  rocking  curve 
without  the  analyser,  (dotted  line),  fig.  3, 
whereas  with  the  multiple-reflection 
diffractometer  the  pattern  was  transformed 
(line)  and  the  individual  thicknesses  and 
mismatches  could  be  determined  by  simulation 
(dash  line)  . 


Fig.  1:  The  asymmetric  115  reflection  from  a 
0.38  micron  AIq . 34Gao • 66As  layer  on  GaAs 
(001).  The  layer  included  5  narrow  quantum 
wells  but  in  this  experiment  the  diffraction 
is  indistinguishable  from  a  single  layer. 
Experimental  profile  (line),  simulated  using 
the  mismatch  derived  from  the  peak 
separation  (dot)  and  that  with  a  mismatch  15% 
greater  than  this  value  (dash). 


Fig.  2:  The  004  experimental  (line)  and 
calculated  (dot)  diffraction  profile  with 
CuKa  radiation  for  the  symmetric  reflection 
from  a  sample  consisting  of  60  periods  of  28^ 
GaAs  ♦  758  AlAs  capped  with  O.lum  GaAs  all  on 
a  GaAs  substrate. 


-120  -80  -40  0 


w  (/1.5552  secs.) 

Fig.  3:  The  004  diffraction  profile  with  the 
5  crystal  reflection  geometry  (dot),  6 
crystal  reflection  geometry  (line)  and 
simulated  profile  (dash)  for  an  all-binary 
AlAs/GaAs  superlattice  laser  structure  with 
1517  layers. 
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The  ability  to  produce  atomically  abrupt  chc^{cai 
modulation  in  semiconductor  structures  using  mole¬ 
cular  beam  epitaxy  (MBE)  and  metal  organic  chemical 
vapor  deposition  (MOCVD)  has  led  to  the  conception 
and  realization  of  numerous  ideas  based  on  sub-three 
dimensional  physics.  The  success  of  many  new  devices 
such  as  Modulation  Doped  Field  Effect  Transistors, 
exrlton  based  quantum  well  modulators  and  single 
quantum  weu  lasers  depend  «.*Aii<.dHy  on  achieving 
perfect  interfaces.  Recently  new  high  performance 
devices  based  on  coherently  strained  heterostructures 
as  well  as  integrated  technologies  using  non-lattice 
matched  (GaAs/Si ;CdTe/GaAs  etc.)  substrates  are 
attracting  considerable  interest. 

The  successful  implementation  of  all  these 
heterostructure  based  concepts  depends  intimately  on 
being  able  to  obtain  high  quality  bulk  and  interfaces 
between  widely  differing  semiconductors  —  often  in 
presence  of  strong  strain  fields.  The  growth  mecha¬ 
nisms  leading  to  these  heterostructures  —  often  very 
far  from  equilibrium  —  need  to  be  understood  on  an 
atomistic  scale.  The  growth  mechanisms  are  extremely 
complex  to  understand  since  the  growth  process 
involves  —  i)  details  of  surface  atomic  bonds  and 
their  bond  energies;  ii)  diffusion  and  evaporation 
rates;  ill)  incorportion  mechanisms  for  impinging 
atoms  and  molecules;  and  iv)  presence  of  long  range 
strain  fields  for  non-lattice  matched  epitaxy.  In 
addition,  most  hetero-epitaxy  growth  conditions 
involve  far  from  equilibrium  growth  modes. 

In  this  paper  we  will  attempt  to  provide  a  glimpse 
of  some  generic  nature  of  hetero-epitaxy  in  the  strain 
free  and  strained  environment.  The  focus  will  be  on 
Identifying  the  key  kinetic  and  energetic  issues  that 
control  the  growth  front  (and  interface)  profile. 

Due  to  the  complexity  of  hetero-epitaxy,  most  of 
the  theoretical  work  carried  out  to  understand  the 
growth  mechanisms  has  been  based  on  computer  simula¬ 
tion!  I"-*],  Monte  Carlo  simulations  have  provided 
considerable  insight  into  the  nature  of  MBE  growth. 

A  conceptual  growth  scheme  shown  in  the  figure  has 
emerged  from  many  experimental  studies! details 
of  which  hove  emerged  from  computer  simulations!'  '. 
This  scheme  is  expected  to  be  valid  for  GaAs  and  other 
1 1  I  —  V  semiconductor  growth. 

Using  results  obtained  from  Monte  Carlo  simula¬ 
tions,  it  will  be  established  that  for  a  given 
semiconductor  and  a  fixed  growth  rate,  a  window  in 
growth  temperature  exists  in  which  the  growth  front  is 
atomically  flat.  Below  this  window  the  growth  front 
is  increasingly  rougher,  and  above  it  the  material 
quality  deteriorates.  The  position  of  this  tempera¬ 
ture  window  is  directly  related  to  the  growth  rate 
and  the  cation  anion  (e.g.  Ga-As)  bond  strengths. 

For  high  quality  lattice  matched  het ero- int erf  aces ,  it 
is  essential  that  the  windows  for  the  two  semicon¬ 
ductors  line  up.  This  may  often  involve  novel  growth 
approaches  such  as  l)  non-uniform  growth  rate; 
il)  substrate  temperature  transients;  Hi)  growth 
interruption  etc.  Crucial  parameters  controlling  the 
growth  front  are  cation  migration  lengths  and 
impinging  fluxes.  While  the  latter  can  be  controlled, 
very  little  information  exists  on  the  former. 


CONCEPTUAL  PICTURE  OF  MBE  GROWTH  OF  GaAs 


Random  impingement  0t  Ga  atoms  ASj  molecules 
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Experimental  information  on  cation  kinetics  which 
could  be  obtained  from  reflection  high  energy 
electron  diffraction^)  could  provide  valuable 
insight  Into  growth  of  widely  differing  semicon¬ 
ductors. 

In  non-l.ittice  notched  growth,  in  addition  to  the 
many  complexities  involved  in  lattice  matched  growth, 
one  has  to  contend  with  the  strain  field  as  well. 

We  will  show  that  while  in  unstrained  epitaxy,  hyper- 
abrupt  interfaces  can  be  produced  essentially  by 
manipulating  the  surface  kinetics  during  growth,  in 
strained  epitaxy,  energetic  considerations  may 
forbid  atomically  smooth  interfaces.  The  reason  for 
this  unusual  behavior  is  that  while  in  unstrained 
environment,  the  internal  energy  considerations 
favor  an  atomically  smooth  surface,  in  presence  of 
strain  a  rough  front  is  found  to  be  energetically 
more  favorable.  This  implies  that  under  conventional 
MBE  growth,  pseudomorphic  interfaces  cannot  be  of  as 
high  quality  as  lattice  matched  interfaces.  Novel 
growth  approaches  need  to  be  investigated  tv'  over¬ 
come  this  important  barrier  to  the  rea 1 izat ion  of 
the  full  potential  of  pseudomorphic  devices. 
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:..c  . ni egra 1 1 on  of  several  optoelectronic  device 
functions  onto  a  common  substrate  material  is  an  area 
which  is  of  current  interest  to  many  research  groups. 
In  an  effort  to  achieve  this  objective,  experiments 
are  under  way  to  determine  appropriate  epitaxial 
growth  techniques  for  a  variety  of  11-71  and  lll-V 
semiconductor  compounds.  In  several  cases  the 
he teros true  lures  of  interest  involve  1 1 —V 1/111  — V 
interfaces  having  various  degrees  of  lattice  constant 
mismatch.  The  emphasis  of  this  paper  is  a  description 
of  reccr.t  developments  involving  the  molecular  beam 
epitaxial  (MBF. )  growth  and  characterizat  ion  of  two 
important  i 1-71/1 1 1-7  heterostructures:  ZnSe/GaAs  and 
CdTe'inSb.  For  both  heterostructures,  a  comparison  is 
made  between  epitaxial  laver/substrate  interfaces  and 
ep i layer 'epi layer  interfaces.  Initial  studies  tend  to 
snow  thaf  ep; layer'epilayer  interfaces  are  more 
represenat i ve  of  intrinsic  properties,  while  the 
behavior  of  epi 1  ayer/substrate  interfacial  regions  may 
be  grtaaily  affected  by  substrate  preparation.  The 
ZnSe/GaAs  heterointerface,  having  a  0.25%  lattice 
constant  mismatch,  has  potential  for  use  in  the 
passivation  of  GaAs  devices.  Metal /ZnSe/n-GaAs  field 
effect  transistors  are  fabricated  and  are  under  study 
to  examine  the  interface  state  density  and  charge 
transport  at  the  11-71/111-7  heterointerface.  In 
thes*  structures  a  pseudomorphic  ZnSe  layer  is  formed 
as  a  means  to  minimize  defects  at  the  interface  in  the 
presence  -f  the  small  but  finite  lattice  mismatch. 
I  — V  measurements  of  GaAs  field  effect  transistors 
indicate  that  the  Fermi  1  evel  is  riot  pinned  at  the 
ZnFe/GaAs  interface. 

The  CdTe/InSb  heterointerface  possesses  an  even 
:  loser  lattice  match,  0.0b%  (comparable  to  the 
( A 1 , Gal  As /GaAs  material  system),  and  is  motivated  by 
potential  device  applications  provided  by  CdTe/InSb 
quantum  wells  accessing  the  2-r,.5um  wavelength  range. 
Hew  results  using  St>,  for  the  low  temperature  growth 
of  Irifb  on  epitaxial  layers  of  CdTe  will  he  reported, 
finale  quantum  well  and  double  heterostructures  of 
irif.U  nav*-  been  grown  using  a  modular  MPE  system  ir; 
whiff,  three  growth  chambers  are  interconnected  by 
ultra  high  vacuum  transfer  tubes.  Raman  spectroscopy, 
phot  c.i  umin^sc  er.re,  transmission  electron  mirror.'  opy, 
arid  df'uhj^  •  rys«.al  x-ray  diffraction  techniques  have 
t-e>  r.  used  to  •-  harar  terizo  these  11-71  /1 1 1  —  V 
r  .)•  tares. 
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Heteroepitaxy  of  ZnSe  on  III-V  substrates  is  of 
considerable  technological  interest,  both  because  of 
the  potential  for  fabricating  blue  light-emitting 
devices  if  p-type  doping  of  the  ZnSe  can  be  achieved, 
and  for  the  possibility  of  using  the  ZnSe  as  an 
epitaxial  Insulator  on  GaAs  and  related  materials  in 
MIS  structures,  lasers,  and  waveguides.  This  system 
is  also  of  fundamental  interest  as  a  prototype  of 
small  lattice-mismatched  systems  (  a/a  =  0.271  for 
ZnSe/GaAs),  with  the  additional  complication  that 
interdiffusion  of  the  two  materials  may  result  in 
unde3ired  doping  of  both  layers.  It  is  therefore  of 
great  Importance  to  determine  how  the  Interface 
quality  In  this  system,  and  the  quality  of  the 
heteroepitaxial  ZnSe  can  be  optimized.  In  the  present 
study,  we  have  attempted  to  systematically 
characterize  the  quality  of  the  ZnSe  using  low 
temperature  photoluminescence,  for  ZnSe  layers  grown 
on  GaAs  substrates  and  epi layers,  AlAs  buffer  layers, 
InxGa1_xAs  buffer  layers ,  and  bulk  InxGaT_  As 
substrates.  Both  the  ZnSe  and  the  various  buffer 
layers  were  grown  in  a  dual-chamber  molecular  beam 
epitaxy  (MBE)  system,  with  the  samples  transferred  in 
ultra-high  vacuum  between  the  two  chambers. 

Linewidths  of  bound  exciton  photoluminescence 
peaks  are  determined  almost  entirely,  in 
heteroepitaxial  ZnSe,  by  inhomogeneous  strain 
associated  with  partial  or  non-uniform  lattice 
relaxation  of  the  small  lattice  mismatch  by 
dislocations  or  other  defects.  In  high  purity  strain- 
free  bulk  or  homoepi taxia  1  ZnSe  grown  by  high 
temperature  growth  techniques,  linewidths  as  narrow  as 
"0.15  meV  have  been  achieved.  For  MBE  or  OMCVD  ZnSe 
grown  directly  on  GaAs,  however,  these  linewidths  have 
typically  been  in  excess  of  1  meV  for  fully  relaxed 
(thick)  layers,  and,  surprisingly,  even  broader  for 
nominally  pseudomorphic  (<0.17  um)  layers.  While  X- 
ray,  luminescence,  and  reflectance  measurements  all 
show  such  layers  to  exhibit  the  approximate  average 
biaxial  compression  expected  of  a  pseudomorphic 
structure,  the  luminescence  linewidths  Indicate  that 
partial  relaxation  of  the  mismatch  is  occurring  even 
in  these  very  thin  layers. 

We  have  investigated  these  linewidths  for 
different  types  of  layered  structures  and  found 
substantial  Improvements  for  cases  where  an 
Intermediate  buffer  layer  is  inserted  between  the  ZnSe 
and  GaAs,  having  a  lattice  constant  intermediate 
between  the  two.  For  example,  pseudomorphic  AlAs 
buffers  (  a/a  =  0.17t  at  300  K  for  AlAs/GaAs)  of  "0.5 
um  thickness  were  inserted  between  a  GaAs  substrate 
and  a  0.17  um  thick  ZnSe  layer,  which  yielded 
linewidths  of  0.22-0.37  meV,  as  compared  to  a  1.95  meV 
linewidth  for  a  similar  ZnSe  layer  grown  directly  on 
GaAs.  These  linewidths  for  the  first  time  approach 
those  obtained  in  bulk  material,  indicating  a 
substantial  reduction  In  the  density  of  interfacial 
defects  and  strain.  We  have  further  Investigated 
pseudomorphic  structures  Incorporating  InxGa1_xAs 
buffers  (x~0.0JJ}  In  place  of  the  AlAs.  In  this  case, 
the  lattice  constant  of  the  buffer  can  be  contlnously 
varied  about  that  of  ZnSe  by  controlling  the  In 
content.  The  composition  of  the  buffer  was  measured 
using  luminescence,  reflectance,  and  excitation 


spectroscopy.  We  find  substantially  reduced 
linewidths  In  this  case  also,  for  example  0.62  meV  for 
the  neutral  donor-bound  heavy  hole  exciton  peak.  The 
effect  of  varying  the  buffer  composition  has  also  been 
determined. 

We  have  also  investigated  the  growth  of  ZnSe 
layers  on  exactly  matched  and  slightly  mismatched  bulk 
InxGa1xAs  substrates.  These  substrates,  nominally 
in  diameter  and  containing  up  to  5  mole  %  In,  were 
prepared  using  a  low  pressure  liquid  encapsulated 
Czoohra 1  ski  technique,  in  both  (100)  and  (111) 
orientations.  The  composition  and  compositional 
variations  in  the  material  were  determined  using  low 
temperature  photo  1 umlnescence.  For  example,  a  melt 
containing  17  mole  1  InAs  yielded  crystals  with 
composition  ranging  from  x  =  .021  to  .0*15.  Growth  of 
ZnSe  layers  on  (100)  wafers  cut  from  these  boules  was 
performed  by  MBE.  The  properties  of  the  ZnSe  layers 
as  a  function  of  In  content  in  the  substrate  will  be 
described. 

These  results  demonstrate  that  even  a  small  (0.27 
%)  lattice  mismatch  can  have  important  effects  on  the 
quality  of  the  resulting  material,  and  that  "step- 
grading"  the  lattice  narameter  in  pseudmorphic 
structures  offers  a  technique  for  greatly  improving 
crystalline  quality  of  the  epilayers  and  eliminating 
interfacial  defects. 

*  Present  address:  Centro  Nacional  de 

Microelectronica,  Serrano  1UU,  Madrid,  Spain. 
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Synthesis  of  GaAs  and  (Al,Ga)As  on 
(511)-GaAs  Surfaces  by  Molecular 
Beam  Epitaxy 

E.  Towe  and  C.  G.  Fonstad 

Department  of  Electrical  Engineering  and  Computer  Science, 
Research  Laboratory  of  Electronics 
anti 

Center  for  Materials  Science  and  Engineering 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

The  scientific  and  technological  importance  of  MI-V  het¬ 
erostructure  semiconductors  with  surfaces  of  high  Miller  in¬ 
dices  has  increased  over  the  past  few  years  |l,2j.  Fundamen¬ 
tally,  high-index  surfaces  will  exhibit  growth  kinetics  that  de¬ 
pend  on  (i)  the  stoichiometry  of  the  surface,  (ii)  the  density  of 
each  atomic  specie  present,  and  (iii)  the  tendency  of  the  par¬ 
ticular  surface  to  maintain  planarity.  These  and  other  charac¬ 
teristics  are  currently  not  well  understood. 

The  (511)  GaAs  surface  is  one  of  a  class  of  surfaces  denoted 
by  {/ill}.  For  h  larger  than  1  the  surfaces  can  be  thought  of 
as  being  composed  of  {100}  and  {ill}  surfaces.  This  class 
of  surfaces  is  vicinal  to  the  (100)  plane.  In  fact,  during  the 
mbe-growth  of  GaAs  on  patterned  (100)  substrates,  some  of 
the  surfaces  in  the  {/ill}  class  are  revealed  j3j,  and  there  is 
evidence  that  the  growth  rate  and  conductivity  type  of  device 
structures  grown  on  patterned  surfaces  vary  depending  on  the 
vicinal  surface  exposed  (4j.  This  can  be  understood  in  terms 
of  the  relative  availability  of  the  lattice  sites  for  the  Ga  and 
As  atoms  which,  in  turn,  depends  on  the  particular  vicinal 
surface  under  study.  Because  of  the  importance  of  the  {All} 
surfaces  in  the  growth  of  patterned  structures  on  (lOO)-GaAs 
substrates,  a  better  understanding  of  the  epitaxial  characteris¬ 
tics  of  these  surfaces  will  be  required.  This  paper  discusses  the 
growth  of  GaAs  and  (AI,Ga)As  by  molecular  beam  epitaxy  on 
one  such  surface;  the  (511)  surface. 

The  (511)  surface  intersects  the  (100)  plane  at  an  angle  8  - 
cos-l((100).{511]/\/27)  =  15.8°;  it  is  therefore  to  be  expected 
that  the  relative  density  of  Ga  and  As  dcub,«-  and  single-bond 
sites  will  differ  from  that  on  the  (100)  surface.  The  larger  the 
angle  0  is,  the  more  different  from  the  (100)  surface  will  the 
vicinal  surface  be. 

The  substrates  used  in  our  study  were  (511)11.  They  were 
intentionally  misoriented  by  0.5“  toward  the  (100)  surface.  Be¬ 
fore  loading  into  the  growth  system,  the  substrates  were  de¬ 
greased  in  standard  solvents  and  then  etched  in 

(4:1:1)  at  room  temperature  for  4  minutes. 
They  were  then  soaked  in  IICl  for  2  minutes  and  a  protective 
native  oxide  was  grown  in  de-ionizod  water.  Once  loaded  into 
the  preparation  chamber,  the  wafers  were  outgased  for  20  min¬ 
utes  at  200“C.  This  temperature  is  lower  than  that  convention¬ 
ally  used  to  outgas  (100)  substrates,  because  it  is  found  that  the 
substrate  surface  degrades  if  outgased  at  much  higher  tempera¬ 
tures  in  the  absence  of  As,.  The  oxide  desorption  temperature 
for  the  (511)  surfaces  is  also  different,  being  30  to  40°C  lower 
than  the  580  to  590°C  typically  observed  for  a  (100)  surface. 
We  have  previously  observed  similar  behavior  for  the  (lll)B 
GaAs  surface  (5{,  and  believe  it  to  be  because  of  the  differences 
in  the  density  of  double-  and  single-dangling  bonds  of  Ga  and 


As  on  the  (100)  and  (All)  surfaces.  These  differences  have 
implications  for  the  growth  of  uniformly  high  quality  device 
structures  on  patterned  substrates  which  include  high-index 
surfaces.  During  the  growth  of  (Al.Ca)As  on  (100)  and  (511) 
substrates  mounted  side  by  side,  for  example,  we  observe  that 
for  a  given  substrate  temperature,  the  (100)  layers  require  a 
higher  As<  overpressure  to  maintain  a  specular  and  featureless 
morphology  than  the  (511)  ones. 

High  quality  GaAs  and  (Al.Ga)As  layers  have  been  grown 
on  (511)  surfaces  in  the  normal  substrate  temperature  range 
of  600-710°  C.  The  undoped  layers  are  p-lypr.  (Miololumiues- 
ccncc  characterization  of  these  wafers  has  also  been  carried 
out.  It  is  found  that  for  (511)-  and  (lOO)-CaAs  wafers  grown 
side  by  side,  the  optical  quality  of  the  (511)  layers  is  equal 
to  or  better  than  that  of  the  (100)  layers  in  all  cases.  The 
typical  room  temperature  photolumiuescence  linewidth  for  the' 
unintentionally  doped  (511)  wafers  is  —20  meV. 
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Low-Temperature  Growth  of  AlGaAs-GaAs 
Heterostructures  by  M i gration-Enganced  Epitaxy 
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and  Hiroshi  Yamaguchi 

NTT  Electrical  Communications  Laboratories 
Musashino-shi ,  Tokyo  180.  Jar*n 


The  MBE  and  MOCVD  methods  have  two  problems 
in  growing  GaAs  and  AlGaAs  thin  layers.  First  is 
that  the  heterojunctions  grown  by  these  methods 
have  rough  Interfaces  on  the  atomic  scale  due  to 
a  large  number  of  Islands  formed  during 
growth.  Second  Is  that  the  substrate 
temperature  (Ts)  Is  too  high  to  realize  sharp 
Impurity  profiles. 

These  problems  are  caused  by  a  very  slow 
migration  of  surface  adatoms  during  growth.  In 
both  MBE  and  MOCVD,  growth  is  performed  in  As- 
stable  conditions.  Therefore,  the  lifetime  of 
isolated  Ga  and  A1  atoms  on  the  surface  is  quite 
short,  which  effectively  reduces  the  surface 
migration.  This  is  because  Ga  and  A1  atoms 
impinged  on  the  surface  immediately  react  witK 
As  to  form  GaAs  and  A1A$  islands. 

To  enhance  the  migration,  a  new  MBF  method 
was  developed  called  "Miqration-Enhauced 
Epitaxy"  (MEE),  which  utilizes  the  rapid 
migration  of  metallic  atoms  in  an  As-free 
atmosphere.  In  this  method,  Ga  and  A1  atoms 
migrate  easily  and  find  stable  sites  on  the 
growing  surface,  even  at  low  Ts,  because  these 
metallic  atoms  are  deposited  separately  by  As. 
This  paper  discusses  the  growth  mechanism  of 
MEE  at  low  Ts  based  on  the  RHEED  observation. 
Extremely  sharp  and  intense  photo! urn i nesc  i  nee 
(PL)  from  AlGaAs-GaAs  single-quantum  wells  grown 
at  300°C  by  this  method  are  also  demonstrated. 

A  conventional  MBE  apparatus  equipped  with  a 
RULED  system  was  used  for  this  study.  During 
MEE  growth,  Ga  or  A)  and  As4  were  alternately 
deposited  to  a  (100)  GaAs  surface.  The 
migration  process  of  surface  adatoms  as  well  as 
the  growth  process  were  monitored  by  RHEED 
observations.  As  reported  previousy  when  the 
number  of  Ga  or  A1  atoms  deposited  per  cycle 
(Nr,  or  Na1)  equals  the  surface  1 1 e  ruimber  in 
the  (100)  GaAs  surface  (Ns;  6.4x10  Vcnr),  these 
atoms  form  a  "one  atomic  layer"  every  cycle,  and 
the  RHEED  intensity  oscillates  persistently 
without  showing  any  degradation  in  amplitude 
during  the  entire  layer  growth,  as  shown  in  fig. 
1.  This  indicates  that  a  flat  growing  surface  is 
maintained  during  growth.  When  is  not  equal 
to  Ns,  small  one-monolayer  GaAs  islands  are 
formed  after  the  completion  of  one  cycle.  The 
surface  roughness  due  to  these  islands  is 
compensated  for  in  the  succeeding  MEE  cycles, 
because  Ga  atoms  impinged  on  the  1  s  1  and-en^i rheH 
surface  find  their  sites  between  the  islands. 
Th!;  phenomenon  is  clearly  confirmed  by  the 
observation  of  modulated  RHEED  oscillation  shown 
in  fig.  2  for  Nq3=0.8  Ns. 

A  persistent  RHEED  oscillation  is  also 
observed  at  low  Ts  to  100 °C,  indicating  a 
possibility  of  high-quality  layer  growth  at  low 
T s.  The  growth  mechanism  is,  however,  modified 
when  Ts  is  lowered  below  approximately  400°C. 
At  high  Ts,  the  number  of  A  s  4  molecules 
deposited  per  cycle  (N^s)  is  not  very  critical, 
because  no  excess  As  adsorption  occurs.  At  low 
Ts,  however,  excess  As  adsorption  becomes  very 
important  and  markedly  deteriorates  the 
crystal  quality.  Therefore,  an  accurate  control 
of  N.  is  needed  for  growing  high-quality  layers 
at  low  T  s. 


An  excess  As  adsorption  occurs  when  N^s  is 
greater  than  the  critical  value.  Existence  of 
excess  As  can  be  detected  by  the  RHEED 
observation.  When  there  is  an  excess  As  on  the 
surface,  the  specular  beam  intensity  in  the 
succeeding  Ga  deposition  period  increases  as 
demonstrated  in  Fig. 3.  No  well-established  G  a  - 
stable  pattern  is  observed,  even  at  the  end  of 
the  Ga  deposition  period.  An  excess  As 
adsorption  is  also  enhanced  by  surface 
roughness.  When  N  q  a  <  N  s  ,  two-dimentional 
nucleation  occurs,  and  the  surface  island 
density  changes  cycle  by  cycle,  as  shown  in  Fig. 
?.  At  the  valley  of  the  modulated  wave,  the 
island  density  is  expected  to  be  highest,  while, 
at  the  peak  of  the  modulated  wave,  an  atomically 
flat  surface  can  be  obtained.  The  RHEED  specular 
beam  oscillation  during  the  growth  of  GaAs  at 
300  °C  With  ng  -0.97NS  and  NAs -3.8x  1  01  4 /cm2  is 
shown  in  Fig.  4 .  The  value  N .  ^ ,  in  this  case, 
only  slightly  exceeds  the  optimum  value  which 
will  be  discussed  later.  Because  of  the 
incommensurate  supply  of  Ga,  a  modulated  wa/e 
appears  every  35  cycles.  However,  in  this  case, 
unlike  the  high  Ts  result,  of  fig.?,  two 
modulated  waves  compete.  One  wave  includes  ♦ he 
peaks  after  the  As  deposition  period  Mabo,ed 
A),  and  the  other  includes  those  a  f  t  e  r  the  Ga 
deposition  period  (labeled  B).  The  former  s 
caused  by  the  surface  roughness,  while  t h  e 
latter  is  influenced  by  the  amount  of  excess  As. 
figure  4  shows  that  the  excess  As  adsorption  is 
strongly  enhanced  by  the  surface  roughness. 

Therefore,  an  optimization  or  the  va'so 

and  an  exact  adjustment  of  Np.  to  N s  are 
necessary  in  order  to  avoid  excess  As 
adsorption.  Under  optimum  conditions,  the 
intensity  behaves  as  if  it  were  at  h  '■  q  h  *  s . 
During  Ga  supply  periods,  RHEED  intensity 
decreases  but  returns  to  its  original  v  a  1  u  e  >r- 
the  succeeding  As  deposition  periods. 
Persistent  RHEED  oscillation  is  observe'!  during 
the  entire  layer  growth,  and  well  defined  Ga 
Stable  and  As-stable  surfaces  are  established  at 
the  end  of  their  deposition  periods  'see  tee 
lower  trace  of  Fig.  5). 

further  reduction  of  N^s  deteriorates  ♦  ho 
quality  of  the  grown  layer  p r o b a b 1 y  because  n 1 
an  As  shortage,  and  the  persistent  Ru!:.' 
oscillation  is  no  longer  obtained,  as  shown  i ri 
the  upper  trace  of  fiq.^5.  The  optimum  value  of 

is  3.7  ~'3.4x  lO’^/cm*-.  This  value  is  e'ese’y 
equal  to  1/?  Ns.  Therefore,  the  era  c  kin;  an  it 
moirpordt  wig  mechanism  of  As  4  proposed  by  foxon 
and  Joyce*’  seems  to  he  operative  even  at  Tow 
Ts. 

AlGaAs -GaAs  quantum  wells  grown  in  t'.p 

optimum  conditions  at  3 0 0 °C  exhibit  higher  p L 
efficiencies  than  t  h 0  > r  grown  by  conventional 
MBf  at  600 °C.  Typical  PL  spectra  are  shewn  in 
Fig.  6.  In  addition,  the  AlAs-GaAs  super  1  at 1 1 ces 
grown  a>-  0  G  '<  o  are  unaffected  by  thermal 

annealing  at  tempo  ra  t  u  res  as  high  as  RD"  l'C. 
Negligible  change  is  observed  in  PL  efficiency, 
line  width,  and  emission  energy  after  annealing. 
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Electrochemical  Flue-Gas  Desulfurization 

Mark  Franke,  Dennis  McHenry  and  Jack  Winnick 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  30332 

A  gas-phase  concentration  flow  cell  has 
been  designed  to  remove  sulfur  oxides  from 
flue  gas.  The  essential  reactions  occurring 
are ; 


SO  2 

+  1/2  o2  *  so 3 

in 

so-. 

+  I/2  +  2e  ♦ 

so^ 

(2) 

scr 

4 

♦  SO 3  +  I/2  Op  + 

2e 

(3) 

where 

reaction  (1) 

i  s  a 

pre-oxidation  and 

reactions  (2)  and  (3)  provide  the  means  for 
sulfur  oxide  removal  and  recovery 
respectively.  As  in  any  electrochemical 
cell,  appropriate  electrolyte  and  electrode 
materials  must  be  utilized.  At  the 
temperature  required  for  flue-gas  treatment, 
a  molten  salt  electrolyte  is  needed.  While 
alkali-metal  sulfates  are  ideal  for  reactions 
(2)  and  (3),  they  melt  only  above  500°C.  A 
lower-melting  salt  allowing  this  same  basic 
electrochemistry  was  found:  potassium 
pyrosul fate.  With  the  addition  of  vanadia 
for  sulfur-oxidation  enhancement,  this  melt 
was  found,  through  a  separate 
electroanalyt ical  study,  to  provide  the 
necessary  chemistry  and  electrochemistry  to 
carry  out  the  removal  at  flues  in  excess  of 
50  mA/sq.cm.,  a  design  goal. 

Electrolyte-containing  membranes  were 
constructed  by  hot-pressing  the  electrolyte 
powder  with  inert  ceramic,  porous  gas- 
diffusion  electro  les  were  constructed  of  a 
perovsk  i  to- type  ceramic:  Lag . 8Sr0 . 2^0(_)3  ' 
These  were  made  cron  the  metal  acetates  in  a 
multi-5tep  decomposition,  grinding  and 
sintering. 

Cells  housing  a  20  sq.cm,  membrane  were 
tested  on  a  gas  containing  0.3'*  SO2  in  3.0% 
•">2,  15%  CO2  in  Pre-ox idat  ion  was 
achieve!  through  use  of  a  commercial, 
vanad i a-basod  catalyst.  Quantitative  removal 
of  the  SOo  was  achieved  with  applied  current , 
as  shown  on  the  figure.  Concomitant 
p(  >d  j<'t  ion  of  concentrated  SO  3  (and  0->)  was 


The  current  densities  achieved  in  the 
flow-cell  have  been  limited  to  2.0 
mA/sq.cm.  The  reason  appears  to  be  flooding 
of  the  electrodes  caused  by  insufficient 
retention  of  the  electrolyte  by  the  membrane. 


CATHODIC  AND  ANODIC  CELL  PERFORMANCE  AT  400*C  AND 
0  3%  SO,,  3.0%  O,.  15.0%  CO,  •*  N,  TO  BOTH  COMPARTMENTS 
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ELECTROCHEMICAL  BEHAVIOUR  OF  GRAPHITE  AND 
NICKEL-CHROMIUM  ELECTRODES  IN  SODIUM  POLYSULFIDE 
IN  THE  ABSENCE  AND  PRESENCE  OF  HYDROGEN  SULFIDE 


Z.  Mao  ,  B.  Dandapani,  S.  Srinivasan,  RE.  White  and  A.J.  Appleby 


Center  for  Electrochemical  Systems  and  Hydrogen  Research 
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The  electrochemical  reactions  of  sodium  tetrasulfide  on 
graphite  and  nickel-chromium(10%)  electrodes  at  350  °C  in 
nitrogen  and  hydrogen  sulfide  atmospheres  were  investigated 
using  cyclic  voltammetry  and  chronoamperometric  techniques. 
Fig.l  represents  a  typical  voltammogram  on  a  graphite  elec¬ 
trode  in  a  nitrogen  atmosphere  without  IR  compensation.  It 
is  seen  from  Fig.l  that  there  is  a  significant  contribution  due 
to  the  resistance  of  the  melt.  .When  the  IR  is  compensated 
the  cathodic  peak  is  clearly  seen  at  a  potential  of  —0.285V  vs 
Na2Sr/C  (x  >  5).  This  peak  current  appears  to  have  clear  de¬ 
pendence  on  the  scan  rate  since  a  plot  of  peak  current  versus 
the  square  root  of  the  scan  rate  is  linear  indicating  that  diffu¬ 
sion  processes  play  a  significant  part  in  the  reaction  (1).  The 
peak  observed  on  the  graphite  electrode  is  probably  due  to  the 
formation  of  lower  polysulfide  which  is  normally  a  solid  at  this 
operating  temperature  (2).  However,  a  similar  voltammogram 
(Fig.2)  on  a  Ni-Cr  electrode  does  not  indicate  the  presence  of 
a  blocking  layer.  A  plateau  on  the  potential  decay  curve  in  the 
current  interruptor  experiments  was  observed  at  the  graphite 
electrode,  whereas  it  was  not  observed  at  the  Ni-Cr  electrode. 

Chronoamperometric  studies  conduptejl  in  a  nitrogen  at¬ 
mosphere  show  that  the  current  decay  to  a  steady  state  was 
slower  on  a  graphite  electrode  than  on  a  Ni-Cr  electrode  sug¬ 
gesting  the  presence  of  a  blocking  layer  on  the  graphite  sur¬ 
face.  The  transient  time  was  shortened  when  H2S  was  bubbled 
through  the  melt  (Fig. 3). 

Steady  state  current-potential  curves  for  Ni-Cr  electrodes 
under  N2  as  well  as  H2S  atmospheres  are  shown  in  Fig. 4.  The 
current  values  are  much  larger  in  a  H2S  environment  for  the 
same  potential  values.  The  effect  is  far  more  significant  on  a 
Ni-Cr  electrode  than  on  a  graphite  electrode.  After  prolonged 
bubbling  of  H2S  through  the  melt  there  is  practically  no 
difference  between  the  i-E  curves  in  N2  and  H2S  atmospheres. 
The  current  values  in  a  nitrogen  atmosphere  at  this  stage 
reaches  more  or  les9  the  same  values  as  that  of  hydrogen  sulfide. 
The  i-E  curves  obtained  are  linear  suggesting  a  high  resistance 
component  in  the  melt.  Higher  current  values  in  the  presence 
of  H2S  may  be  due  to  the  formation  of  an  intermediate  species 
between  H2S  and  the  product  of  the  cathodic  reaction. 

It  is  also  noted  that  with  the  bubbling  of  H2S  in  the 
melt  the  open  circuit  potential  of  Ni-Cr  electrode  shifts  by 
15-20mV  in  the  anodic  direction  with  10%H2S  and  30-40mV 
with  50%H2S.  This  suggests  that  there  may  be  chemical  de¬ 
composition  of  H2S  at  the  Ni-Cr  electrode  surface( which  may 
act  as  a  catalyst).  The  sulfur  formed  by  this  decomposition 
dissolves  in  the  melt  in  the  vicinity  of  the  electrode  forming 
Na2Ss  near  the  electrode  surface. 

Thus  it  is  seen  from  these  preliminary  results  that  under 
a  nitrogen  atmosphere  a  two  phase  blocking  layer  is  formed  on 
a  graphite  electrode  surface.  Such  a  two  phase  layer  was  not 
observed  on  a  Ni-Cr  surface  indicating  that  Ni-Cr  may  behave 
as  a  better  sulfur  electrode.  Farther,  in  a  H2S  atmosphere 


the  rest  potential  of  graphite  as  well  as  Ni-Cr  tends  to  be  more 
anodic  than  in  nitrogen.  Higher  currents  for  the  same  potential 
values  are  observed  with  H2S  bubbling  compared  to  nitrogen 
bubbling.  This  difference  for  nitrogen  case  disappears  after 
prolonged  H2S  bubbling  in  the  melt  when  more  or  less  the 
same  high  currents  are  observed  for  both  the  cases. 

REFERENCES 

1.  R.  P.  Tischer  and  F.  A.  Ludwig,  in  “Advances  in  Elec¬ 
trochemistry  and  Electrochemical  Engineering”,  vol.  10, 
C.  W.  Tobias  and  H.  Gerisher,  Editors,  Wiley  Interscience, 
NY(1977). 

2.  D.  A.  Aikens,  in  “The  Sulfur  Electrode”,  R.  P.  Tischer, 
Editor,  Academic  Press,  NY(1983). 


I  (mA) 


Abstract  No.  517 

THERMODYNAMIC  ASPECTS  OF  H2S 
ELECTROLYSIS  IN  AQUEOUS  NaOH 
AND  MOLTEN  POLYSULFIDES 


A.  A.  Anani,  2.  Mao,  B.  Dandapani, 
S.  Srinivasan  and  A.  J.  Appleby 


Center  for  Electrochemical  Systems 
and  Hydrogen  Research 
238  Wisenbaker  Engineering  Research  Center 
Texas  A&M  University 
College  Station,  TX  77843. 


Simultaneous  production  of  hydrogen  and 
sulfur  by  the  electrolysis  of  hydrogen 
sulfide  would  provide  a  rather  cheaper  means 
of  supplying  the  end  products,  hydrogen  and 
sulfur,  compared  to  conventional  processes  of 
obtaining  hydrogen  by  steam  electrolysis. 

Not  only  is  the  reactant,  H2S,  available  at 
almost  no  cost,  such  a  process  would  also 
lead  to  its  removal  from  natural  gas  streams, 
again,  at  a  much  lower  cost  than  the  Clauss 
process.  In  addition,  the  reversible 
thermodynamic  potential  for  the  process 

H2S  ->  H2  +  S 

is  much  lower  than  the  corresponding  value 
for  steam  electrolysis.  This  is  calculated 
to  be  173  mV  at  room  temperature  and  is  lu  be 
compared  to  1.23  V  for  the  equivalent  process 
involving  water,  i.e., 

H?0  ->  H2  +  i/2  02 

These  values  for  the  reversible  potential  do 
not  change  much  even  if  the  operating 
temperature  is  raised  by  a  few  hundred 
degrees . 

However,  such  a  scheme  would  require 
dealing  with  the  corrosive  nature  of  the  H2S 
reactant  gas,  and  also  reducing  the  blocking 
effects  of  sulfide  films  that  could  be  formed 
on  the  electrodes  during  the  electrolysis. 

Attempts  are  under  way  to  investigate 
the  feasibility  of  this  process  in  both 
alkali-metal  polysulfide  i..elts  and  aqueous- 
based  electrolytes.  An  attempt  such  as  this 
would  require  knowledge  of  the  stable  species 
in  solution  in  order  to  fully  understand  the 
reaction  mechanisms,  or  sequence  of  reactions 
leading  to  the  complete  decomposition  of  the 
reactant.  This  is  true  because  of  the 
complex  nature  of  the  possible  reactions 
involving  the  polysul f ides,  as  is  evidence 
with  the  sulfur  electrode  in  the  Na/S 
battery . 

In  this  work,  we  present  a  thermodynamic 
approach  which  employs  phase  diagrams  as  a 
tool  to  identify  possible  stable  species  that 
may  be  present  during  the  electrolytic 


process.  As  would  be  made  obvious,  not  only 
is  such  an  approach  capable  of  providing 
useful  information  regarding  the  stable 
species  in  solution,  it  is  very  viable  in 
identifying,  a  priori,  the  potentials  within 
which  the  process  can  be  carried  out  such 
that  all  components  of  the  system  remain  both 
chemically  and  thermodynamically  compatible 
with  one  another. 

In  the  case  of  the  alkali-metal 
polysulfide  electrolyte,  the  approach  will 
involve  the  construction  of  the  ternary  phase 
diagram  involving  the  alkali-metal,  for 
example,  Na-H-S,  whereas  in  the  aqueous-based 
electrolyte  scheme,  the  corresponding 
information  will  be  represented  in  a 
quarternary  phase  diagram  of  the  components, 
such  as  Na-H-O-S. 
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T.)  recover  zinc  and  remove  zinc  contaminants  from 
reprocessable  galvanized  iron  scrap,  several  acid 
plating  baths  were  evaluated.  For  a  fast  process 
throughput,  all  tests  were  performed  at  current 
densities  >90  mA/cm^  and  at  ambient  temperature  (20- 
25°  C).  The  following  problems  were  initially 
encountered: 

•  Formation  of  zinc  dendrites  at  the  cathode; 

•  Absence  of  a  marker  that  would  indicate 
complete  removal  of  zinc  from  the  anode;  and 

•  Excessive  electrolyte  resistivity, 
causing  an  unacceptable  voltage  drop 
between  the  cathode  and  anode. 

To  minimize  dendrite  formation,  stirring  of  the 
electrolyte  and  electrochemical  precleaning  of  the 
electrodes  (by  passing  a  10-sec  reverse  pulse  at  the 
start  of  each  run)  became  part  of  the  experimental 
protocol.  Next,  the  plating  bath  composition  was 
varied  in  attempts  to  obtain  a  marker  that,  would 
indicate  the  nearly  complete  removal  of  zinc  from  the 
exposed  anode  surface.  Raising  the  pH  from  about  4.0 
to  5.7  or  reducing  it,  first  to  pH  1.4  and  subse¬ 
quently  to  pH  0.4,  did  not  yield  a  clearcut  marker. 
Neither  did  inclusion  of  KjFefCN)^  (which  was  expected 
to  yield  a  passivating  deposit  on  an  exposed  iron 
surface)  or  the  use  of  various  sulfate-containing 
baths.  However,  sulfate-free  zinc  chloride  baths  did 
yield  indications  of  a  possible  marker  even  at  a  pH  of 
3.8,  and  these  indications  became  more  pronounced  as 
the  HCl  concentration  was  increased,  first  to  l  M  and 
subsequently  to  1.5-4  M.  At  the  higher  HCl  concentra¬ 
tions,  a  marker  would  be  consistently  observed  at  all 
but  the  highest  (>630  mA/cm^)  current  densities. 

Civen  the  endpoint  markers,  dendrite  formation  could 
be  further  prevented  and  errors  in  faradaic  efficiency 
measurements  could  be  minimized  by  terminating  all 
tests  upon  the  appearance  of  the  endpoint.  Of  all  the 
electrolytes  tested,  only  those  containing  at  least  1 
M  HCl  yielded  endpoint  markers,  especially  at  current 
densities  below  about  500  mA/cm^.  Therefore,  further 
tests  were  directed  at  optimizing  the  HCl  and  ZnC^ 
concentrations.  For  constant  ZnC^  concentrations  of 
0.7  M  or  1.3  M,  corrosion  increased  with  increasing 
acidity  of  the  plating  bath.  In  contrast,  for  a 
constant  HCl  concentration  of  3  M,  corrosion  decreased 
with  increasing  ZnC^  concentration.  This  may  have 
been  associated  with  a  diffusion  limitation  for  zinc 
plating  at  a  current  density  of  about  400  mA/cm^  as 
the  ZnC^  was  reduced  from  2  M  to  w.7  M.  On  the  other 
hand,  the  electrolyte  resistivity,  and  hence  ohmic 
losses,  increased  slightly  with  increasing  ZnC^ 
concentration.  Therefore,  a  bath  composition  of  2  M 
ZnC^  plus  3  M  HCl  was  selected  as  nearly  optimal. 

*Work  supported  by  the  U.S.  Department  of  Energy, 
Assistant  Secretary  for  Conservation  and  Renewable 
Resources,  under  Contract  W-31- 109-Eng-38. 


Figure  1  summarizes  the  test  results.  A  dip  in  the 
cathodic  current  efficiency  in  the  range  of  400-500 
mA/cm^  may  be  attributed  to  a  diffusion  rate  limita¬ 
tion  for  zinc  electrodeposition  near  room  temperature 
at  current  densities  >400  mA/cm^.  The  increase  in 
cathodic  current  efficiency  at  630  mA/cm^  may  have 
been  due  to  convection  currents  arising  from  the 
greater  heat  dissipation  at  the  highest  current 
density  that  was  used. 

Figure  1  also  shows  a  significant  improvement  in 
cathodic  current  efficiency,  as  well  as  a  reduction  in 
anodic  corrosion,  resulting  from  addition  of  1  g/L  of 
licorice  root  extract  (Polysciences,  Inc.,  Warrington, 
Penn.,  Catalog  No.  18060)  to  the  acidic  plating 
bath.  These  results  suggest  that  acceptable  cathodic 
current  efficiencies  should  be  achievable  in  the 
selected  acidic  plating  bath  at  plating  current 
densities  of  100-400  mA/cm^. 

Figure  2  shows  the  effects  of  replacing  all  or  part  of 
the  ZnCl2  by  ZnSO^  in  the  preferred  plating  bath.  As 
expected,  the  electrolyte  resistivity  increases 
appreciably  with  the  S0^“/C1”  ratio  due  to  the  lower 
mobility  of  ions  as  compared  with  that  of  Cl” 

ions.  On  the  other  hand,  the  corrosion  of  the 
electrodes  is  reduced  somewhat  by  substituting  SO^~ 
for  Cl”  ions,  as  suggested  by  the  slopes  of  the 
current  efficiency  lines.  However,  the  reduced 
corrosion  losses  do  not  seem  to  adequately  offset  the 
resistive  losses  that  would  result  from  a  replacement 
of  Cl”  by  SO^~  ions. 

It  is  concluded  that  electrochemical  stripping  and 
recovery  of  zinc  may  be  effected  efficiently  in  acid 
plating  bath9  under  the  following  conditions: 

•  The  bath  resistivity  must  be  suffi¬ 
ciently  low  to  result  in  a  voltage  drop 
of  not  more  than  about  4  V  (preferably 
S3  V)  between  the  cathode  and  anode. 

This  was  achieved  with  an  electrode 
spacing  of  2.8  cm,  current  densities  of 
90-630  mA/cm^  (preferably  90-400  mA/ 
cm^),  and  a  bath  containing  2  M  ZnC^ 
and  3  M  HCl.  Under  these  conditions,  an 
endpoint  marker  was  consistently 
observed  below  500  mA/cm^. 

•  Addition  of  1  g/L  of  licorice  root 
extract  to  the  above  ZnCl2“HCl  bath 
resulted  in  reduced  corrosion  of  both 
the  cathode  and  anode.  The  resulting 
current  efficiencies  were  70-80X  at  the 
cathode  and  100-130Z  at  the  anode 
(Fig.  1). 

•  The  effect  of  replacing  part  of  the  Cl” 
ions  by  SO^“  ions  was  to  slightly 
improve  the  current  efficiencies  at  both 
cathode  and  anode,  but  also  to 
significantly  increase  the  resistivity 
(Fig.  2),  thereby  adversely  affecting 
the  voltage  drop  across  the  bath. 

•  To  minimize  resistive  losses  in  the 
plating-stripping  bath,  the  bath  should 
be  so  designed  that  the  effective 
average  anode-to-cathode  path  length  is 
3  cm  or  1 es 9 . 
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Figure  1  Dependence  of  Minimum  Applied  Voltage 
(o,  •),  Cathode  Current  Efficiency  (v,t),  and  Anode 
Current  Efficiency  (a,  a)  on  Plating  Current  Denaity 
In  2  M  ZnCI2  +  3  U  HCI 


Legend 

o  a  v  Without  licorice 

•  at  With  1  g/L  licorice  eitract 
In  the  plating  bath 


Figure  2.  Effect  of  SO«=/Cr  Ratio  on  Electrolyte 
Realativity  and  Current  Efficiencies  at  200  mA/cm2 
in  Baths  of  2  M  Zn++  +  3  M  H30+  +  1  g/L 
Licorice  Root  Eitract 
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As  the  use  of  HVDC  transmission  lines  for  bulk 
power  transfer  has  grown,  attention  has  focused  on  the 
small  air  ions  produced  from  HVDC  transmission  lines. 
Due  to  the  constant  polarity  of  HVDC  conductors  ions 
can  move  away  from  the  conductor  and  fill  the  volume 
of  space  between  the  conductors  and  ground.  The  small 
air  ions  from  the  DC  line  can  attach  to  aerosols  al¬ 
tering  the  ambient  charge  distribution  of  aerosols. 

In  order  to  investigate  the  effect  of  HVDC  lines 
on  the  environment,  the  Department  of  Energy  initiated 
a  research  program  at  the  High  Voltage  Transmission 
Research  Center  to  measure  the  levels  electric  fields, 
ions,  and  charged  aerosols  due  to  HVDC  lines  and 
characterize  the  resulting  electrical  environment 
[1,2].  In  addition  to  obtaining  information  on  the 
levels  of  fields,  ions,  and  charged  aerosols,  informa¬ 
tion  was  desired  on  the  distribution  of  charge  on 
aerosols.  A  technique  was  developed  to  measure  the 
charge  on  aerosols  and  measurements  of  the  aerosol 
charge  distribution  were  made  near  HVDC  transmission 
lines  and  at  several  other  locations. 

A  workshop  was  held  to  report  the  results  of  the 
measurements  of  the  aerosol  charge  distributions  and 
to  discuss  what  impact  the  altered  aerosol  charge  dis¬ 
tribution  would  have  on  deposition  of  the  aerosols  in 
the  respiratory  tract.  The  work  shop  was  attended  by 
respiratory  physiologists,  aerosol  physicists,  atmos¬ 
pheric  scientists,  and  electrical  transmission 
researchers. 


mSURfittEHI  TECHNIQUE  AND  IHSI&PttEKUIIQE 

A  technique  was  developed  to  measure  the  size  of 
an  aerosol  and  the  charge  residing  on  it.  The  tech¬ 
nique  consists  of  measuring  the  electrical  mobility  of 
a  charge  aerosol  and  then  measuring  its  size.  The 
electrical  mobility  of  a  charged  aerosol  is  propor¬ 
tional  to  its  charge  to  size  ratio.  Measuring  the 
electrical  mobility  of  a  charged  aerosol  to  obtain  the 
charge  to  size  ratio  and  then  measuring  the  size  of 
the  aerosol  allows  both  the  charge  and  the  size  of  the 
aerosol  to  be  determined. 

The  instrumentation  used  to  measure  and  record 
the  size  and  charge  of  the  aerosols  consists  of  a  dif¬ 
ferential  mobility  analyzer,  a  laser  optical  scatter¬ 
ing  aerosol  sizer,  and  a  portable  computer  to  control 
and  record  the  data  from  the  two  instruments.  The  in¬ 
strumentation  can  measure  the  charge  on  aerosols  in 
the  range  of  0.1  to  3.0  microns.  It  can  determine  the 
charge  on  an  aerosol  to  within  .+  1  charge  or  _+l8% 
whichever  is  less.  The  size  range  from  0.1  micron  to 
3.0  micron  was  chosen  because  it  is  the  size  range 
containing  many  biologically  active  aerosols  and  it  is 
also  the  size  range  where  the  respiratory  system  is 
least  efficient  in  depositing  aerosols.  Any  enhance¬ 
ment  in  deposition  due  to  charge  on  the  aerosols  in 
that  size  range  would  have  a  greater  percentage  in¬ 
crease  of  deposition  and  thus  the  possibility  for  a 
proportionately  greater  impact  on  health. 


MEASUREMENT  LOCATIONS 

Measurements  of  the  aerosol  charge  distribution 
were  made  near  HVDC  transmission  lines  in  two  regions 
of  the  country.  Measurements  were  made  at  the  High 
Voltage  Transmission  Research  Center,  located  in  west¬ 
ern  Massachusetts,  near  its  two  full  scale  HVDC  trans¬ 
mission  teBt  lines  [1],  Measurements  were  also  made 
near  the  NorthweBt-Southwest  DC  Pacific  Intertie, 
which  runs  through  California,  Nevada,  and  Oregon. 
Measurements  of  the  ambient  aerosol  charge  distribu¬ 
tion  were  made  in  rural  western  Massachusetts;  Cap  Cod 
National  Park,  Massachusetts;  downtown  Newark,  New 
Jersey;  El  Capitan  Beach  State  Park,  California; 
downtown  Los  Angeles,  California. 


MEASUREMENT  RESULTS 

It  was  found  that  in  general  for  the  ambient 
measurements  approximately  one-third  of  the  aerosols 
were  positively  charged,  one-third  were  negatively 
charged  and  one-third  had  no  charge.  A  single  charge 
was  the  most  common  charge  state  for  the  charged 
aerosols.  The  number  of  aerosols  per  charge  state 
decreased  exponentially  with  increasing  charge  number. 

Measurements  near  the  HVDC  transmission  lines 
indicated  that  the  DC  line  did  Bhift  the  charge  dis¬ 
tribution.  However  the  shift  was  small  and  within  a 
few  hundred  feet  from  the  line  the  charge  distribution 
of  the  aerosols  was  back  to  near  ambient  levels.  Even 
directly  under  the  line  the  mo6t  common  charge  6tate 
of  the  charged  aerosols  was  still  a  single  charge. 


AE&QSQL  WORKSHOP  ON  RESPIRATORY  DEPOSITION 

A  workshop  attended  by  respiratory 
physiologists,  aerosol  physicists,  atmospheric  scien 
tists,  and  transmission  research  engineers  wa6  held  to 
report  the  results  of  the  aerosol  charge  distribution 
measurements  and  discuss  the  impact  that  DC  line  would 
have  on  charged  aerosols  and  their  deposition  in  the 
respiratory  tract.  Information  on  the  deposition  of 
aerosols  in  the  respiratory  tract  was  presented.  A 
recent  study  on  the  deposition  of  charged  aerosols  in 
the  respiratory  tract  showed  that  there  was  a 
threshold  of  charge  on  aerosols  below  which  there  was 
essentially  no  measurable  increase  in  deposition  [3]. 
The  threshold  was  at  approximately  10  charges  per 
aerosol  for  the  size  range  of  interest  0.1  micron  to  1 
micron.  Since  the  HVDC  transmission  line  produced 
changes  in  the  aerosol  charge  distribution  much  less 
than  the  10  charges  per  aerosol  threshold  the  consen¬ 
sus  of  the  workshop  was  that  there  was  little 
likelihood  of  any  health  impact  due  to  effects  of  HVDC 
lines  on  charged  aerosols. 


REFERENCES 


[1]  Study  of  Electric  Field  and . Ion-Effects  of  HVDC 

Jraagaifleion  Lines;  filial . HegoiLt*  u.s.  Department  of 

Energy,  DOE  Contract  DE-AC02-80RA501 53.  National  Tech¬ 
nical  Information  Service,  Springfield,  Virginia, 
August,  1985. 

[2]  P.J.  Carter,  G.B.  Johnson,  "Space  Charge 
Measurements  Downwind  from  a  Monopolar  500  kV  HVDC 
Test  Line",  Paper  Number  87  SM  548-1,  IEEE  Power  En¬ 
gineering  Society  1987  Summer  Meeting.  July,  1987. 

[3]  C.P.  Yu,  "Theories  of  Electrostatir  lung  Deposi¬ 
tion  of  Inhaled  Aerosols",  Ann.  Occud.  Hvb..  Vol.  29, 
pp.  21  9-227,  1  985. 


Abstract  No.  520 


ELECTROCHROMISM  OF  POLY ANILINE: 

jsrnrsm  mrgw — 

M.  Ahsan  Habib  and  Shy am  P.  Maheswari 
Physical  Chemistry  Department 
General  Motors  Research  Laboratories 
Warren ,  MI  48090 


INTRODUCTION 

Recently  there  has  been  renewed  interest  in 
polyaniline  because  of  its  electrochromic 
properties  (1) .  Most  of  the  infrared  spectral  studies 
of  polyaniline  (2,3)  has  been  done  ex-situ  and  do  not 
suggest  the  extent  of  spectral  change  with  the  extent 
of  oxidation  and  reduction.  Moreover,  although 
suggested  redox  mechanisms  involve  protonation- 
deprotonation  of  the  polyaniline  structure  during  the 
reduction-oxidation  process,  no  direct  proof  of  such 
structural  change  is  yet  available. 

In  this  paper  we  present  our  work  on  an  in-situ 
PTIR  study  of  polyaniline  films  in  acidic  solution  in 
order  to  obtain  spectral  evidence  of  protonation- 
deprotonation  during  reduction-oxidation  processes . 


EXPERIMENTAL 

The  electrochemical  cell  used  for  the  infrared 
measurements  is  similar  to  that  described  in  (4).  The 
working  electrode  was  a  highly  polished  Pt  disc  of 
1  cm  diameter  and  0.5  mm  thickness,  attached  to  a 
copper  rod  clad  with  heat  shrinkable  Teflon  tubing. 

The  electrode  surface  was  polished  with  0.05 
alumina.  The  polished  electrode  was  cleaned  with 
cone.  HN0.J  and  rinsed  thoroughly  with  double  distilled 
water.  The  Pt  electrode  was  then  coated  with  the 
polyaniline  film  by  the  potentiodynamic  cycling  of  the 
electrode  in  1  M  aniline  +  1  II  HC1  solution  (purged  by 
N2)  between  -0.2  V  and  +0.8  V  at  50  mV/sec  in  a 
conventional  3-electrode  electrochemical  cell.  The 
polyaniline  coated  electrode  was  then  taken  out  of  the 
cell  containing  aniline  solution,  washed  thoroughly, 
dried  and  then  positioned  in  the  FTIR  cell  very  close 
to  the  TR- transparent  ZnSe  cell  window.  The  electrode 
was  polarized  potentiostatically  in  the  range  of 
-0.2  V  to  0.8  V  (SCE)  at  intervals  of  200  mV.  A  total 
of  256  scans  with  4  cm"*  resolution,  were  collected  at 
each  potential . 

Visible  spectral  measurements  were  carried  out  in 
a  spectronic  2000  spectrometer.  The  electrochemical 
cell  consisted  of  a  quarts  cuvette  with  1  cm  path 
length.  For  these  measurements,  the  polyaniline  film 
was  deposited  on  a  fluorine  doped  Snl^  coated  glass 
substrate.  The  working  electrode,  a  platinum  counter 
electrode,  and  a  calomel  reference  electrode  with 
extended  luggin  capillary  were  placed  in  the  cuvette 
which  was  then  filled  with  electrolyte.  The  electrode 
was  polarized  at  various  potentials  and  the  in-situ 
absorbance  measurements  were  carried  out. 


RESULTS  AND  DISCUSSION 

In-situ  absorbance  spectra  of  the  polyaniline  film 
ay  various  potentials  are  shown  in  Fig.  1  in  the 
visible  range  of  350  nm  t  850  nm.  Absorbance  of  the 
polyaniline  film  increases  as  the  reduced  film  was 
gradually  oxidized. 

The  film  was  blue  at  0.8  V  and  near  transparent 
with  slightly  yellowish  tint  at  -0.2  V.  Thus, 
switching  the  potential  between  -0.2  V  and  0.8  V,  the 
film  could  be  bleached  and  colored.  This 
electrochromic  behavior  of  the  poiyaniline  film  was 
found  to  be  quite  reversible. 


In-situ  FTIR  experiments  were  now  carried  out  to 
monitor  the  N-H  vibrations  as  a  function  of  potential. 
The  band  around  2950  cm-*  due  to  N-H  stretching 
vibration  clearly  increased  with  the  increase  of 
reduction  potential  (Fig.  2).  The  relatively  smaller 
peaks  near  2950  cm"*  are  also  assigned  to  N-H 
vibrations  and  showed  the  same  trend  as  that  of  the 
2950  cm"*  peak.  These  results  thus  confirm  the 
formation  of  the  N-H  bond  during  reduction  and 
breakage  during  oxidation  processes  and  are  associated 
with  the  electrochromic  phenomenon  in  polyaniline 
films  in  HC1  solution, 


[-NB-C6B4-NH-CgH4-NH-]  ; 

[-NH-C6H4-N%C6B4=r-] 

cr  ci' 

The  oxidized  charge  centers  at  N4  are  balanced  by 
the  Cl"  counter  ions.  Although  the  band  at  2950  cm"* 
(Fig.  2)  decreased  as  the  film  was  anodically 
oxidized,  it  did  not  completely  disappear  at  0.8  V, 
indicating  that  there  were  still  some  N-H  bonds  intact 
at  that  oxidation  potential.  The  peak  at  667  cm"* 
also  increased  with  the  increase  of  cathodic  potential 
(Fig.  3).  Although  it  is  possible  that  this  peak  is 
due  to  ar*  N-H  bending  mode  (5)  ,  it  should  be  noted 
that  this  peak  may  also  be  due  to  vibrational  modes  of 
water  (5) .  If  it  is  due  to  water,  its  observed 
increase  with  the  increase  of  reduction  potential  is 
somewhat  unclear.  It  may  appear  that  upon  oxidation, 
the  film  becomes  more  compact,  thereby  reducing  the 
water  content  in  the  film,  giving  rise  to  the  observed 
effect.  However,  no  evidence  of  the  film  becoming 
compact  upon  oxidation  is  available,  but  it  is  known 
that  the  conductivity  of  the  polyaniline  film 
increases  with  oxidation  (6)  and  also  with  the 
increase  of  water  content  of  the  film  (7).  Thus,  the 
spectral  peak  at  667  cm"*  which  decreases  with 
oxidation,  may  be  assigned  to  the  N-H  vibrational  mode 
of  polyaniline  and  not  to  the  0-B  mode  of  water. 
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INTRODUCTION 

The  use  of  HVDC  transmission  lines  for  bulk 
power  transfer  is  increasing.  In  order  to  determine 
the  potential  environmental  impact  of  HVDC  transmis¬ 
sion  lines*  information  on  the  electrical  environment 
is  needed.  Three  methods  of  obtaining  the  information 
on  expected  levels  of  electric  fields  and  ion  den¬ 
sities  have  been  developed  and  used  successfully  at 
the  High  Voltage  Transmission  Research  Center.  The 
three  methods  used  at  HVTRC  are:  full  scale  line 
tests*  small  scale  model  line  tests,  and  a  unique 
mathematical  model  based  on  the  concept  of  saturated 
corona”. 


The  electrical  environment  of  an  HVDC  transmis¬ 
sion  line  is  constantly  changing  due  to  the  random  na¬ 
ture  of  the  corona  on  the  conductors.  Since  the 
electric  field  and  ion  density  levels  near  the  line 
are  fluctuating  over  time,  a  statistical  representa¬ 
tion  of  the  line  performance  is  necessary.  One  method 
of  characterizing  the  performance  of  a  HVDC  transmis¬ 
sion  line  is  to  monitor  the  electric  field  and  ion 
density  levels  from  a  full  scale  version  of  the  line 
over  a  period  of  time  and  weather  conditions. 

HVTRC  has  two  full  scale  bipolar  DC  test  lines. 
The  "short”  line  is  150  meters  in  length  and  is  used 
to  test  line  configurations  up  to  .+600  kV.  The  long 
line  i6  500  meters  in  length  and  is  used  to  test  line 
configurations  up  to  _+l  500  kV.  The  line  height  and 
separation  between  conductor  bundles  can  be  changed 
quickly  and  easily.  Electric  field  probes  and  ion 
current  plates  are  located  every  5  to  10  meter6  within 
_+50  meters  of  the  center  of  the  line.  Readings  of  the 
electric  field  probes,  ion  current  plates,  line  volt¬ 
age,  and  several  weather  parameters  are  taken  and  re¬ 
corded  once  each  minute  by  a  data  acquisition  system. 

Full  scale  line  testing  provides  information  on 
the  actual  variability  of  the  line  performance  in 
various  weather  conditions.  Such  full  scale  line 
studies  have  been  used  to  provide  information  on  the 
line  performance  for  licensing  hearings  and  to  prepare 
environmental  impact  statements.  The  drawback  of  full 
scale  line  testing  i6  that  it  is  time  consuming  and 
thus  only  a  few  line  designs  can  be  tested  within  a 
given  period  of  time. 


-MATHEMATICAL  MODELING 

Calculations  based  on  mathematical  models  of 
transmission  line  performance  are  less  expensive  and 
quicker  than  full  scale  line  tests.  However,  the 
variability  of  the  and  the  weather  conditions  com¬ 
promise  the  accuracy  of  many  purely  theoretical  cal¬ 
culation  methods.  An  alternative  to  either  full  scale 
line  testing  or  purely  theoretical  calculations  which 
combines  the  accuracy  of  full  scale  line  testing  with 
the  speed  and  flexibility  of  calculation  methods  is  a 
semiempirical  calculation  method  based  on  the  testing 
of  several  full  scale  lines  at  HVTRC  and  the  concept 
of  a  saturated  corona"  limit. 


The  saturated  corona  limit  is  reached  when  the 
maximum  amount  of  charge  is  being  released  from  the 
conductor  by  corona.  Conceptually,  the  charge  flowing 
from  a  point  on  the  conductor  to  ground  along  a  field 
line  can  be  thought  of  as  forming  a  tube  of  flux.  The 
flux  tube  reaches  a  saturated  condition  when  the 
potential  along  the  length  of  the  tube  from  ground  to 
the  conductor,  due  only  to  the  charge  within  the  flux 
tube,  is  equal  to  the  voltage  on  the  conductor.  When 
this  "charge  saturated  condition”  is  reached,  no  fur¬ 
ther  charge  can  be  released  from  the  conductor  by 
corona  because  the  field  at  the  surface  of  the  conduc¬ 
tor  has  become  zero.  In  this  saturated  corona  condi¬ 
tion  the  corona  current,  charge  density,  and  electric 
field  at  ground  assume  limit  values. 

The  calculation  technique  using  the  concept  of 
the  saturated  corona  condition  consists  of: 

*  Calculation  of  the  electric  field  at  ground 
level  in  the  absence  of  corona 

*  Determination  of  the  electric  field  and  ion 
densities  at  ground  level  in  the  saturated 
corona  condition 

*  Calculation  of  the  expected  electric  field 
and  ion  densities  at  ground  level  in  practical 
conditions  using  the  corona  free  and  saturated 
corona  values  as  lower  and  upper  bounds  with 
an  empirically  determined  degree  of  corona 
saturation  to  establish  where  the  actual 
values  lie  between  the  two  bounds 

A  shortfall  of  the  empirical  calculation  tech¬ 
nique  described  is  that  it  is  limited  to  fairly  stan¬ 
dard  line  designs  due  to  its  basis  on  an  empirical 
data  base.  Its  applicability  to  unusual  line  designs 
would  have  to  be  verified  with  full  scale  tests. 


SMALL  SCALE  MODEL  TESTS 

Small  scale  model  tests  fill  the  gap  between 
full  scale  line  tests  and  mathematical  model  calcula¬ 
tions.  Although  they  cannot  predict  the  expected 
levels  of  electric  fields  and  ion  densities  in  actual 
conditions  they  can  provide  the  saturated  corona 
levels  of  the  electric  fields  and  ion  densities.  Once 
the  saturated  corona  levels  of  a  line  design  are  known 
then  the  expected  levels  can  be  calculated  using  the 
degree  of  saturation  described  previously.  Although 
small  scale  model  tests  cannot  be  done  as  quickly  as 
mathematical  model  calculations  they  are  much  faster 
and  simpler  than  full  scale  line  tests.  Small  scale 
line  tests  are  used  to  investigate  and  provide  the 
saturated  corona  levels  of  electric  fields  and  ion 
densities  for  unusual  or  new  line  designs  that  do  not 
fit  a  standard  line  design. 


SUMMARY 

Three  methods  of  determining  the  expected 
electric  fields  and  ion  densities  for  a  HVDC  transmis¬ 
sion  line  design  have  been  described.  Mathematical 
modeling  of  the  electrical  performance  of  HVDC  trans¬ 
mission  lines  is  the  most  efficient  and  least  expen¬ 
sive  method  of  evaluating  different  line  designs.  A 
unique  technique  is  described  that  uses  the  concept  of 
saturated  corona  to  calculate  the  electric  field  and 
ion  levels.  Small  scale  model  line  tests  provide  a 
method  to  predict  the  electric  field  and  ion  levels 
when  the  mathematical  model  alone  is  insufficient. 
Full  scale  line  tests  are  appropriate  as  a  verifica¬ 
tion  of  the  electrical  perf  orma"1*'1  of  a  final  line 
design  chosen  from  many  possible  designs  •  evalua¬ 
tion  based  on  mathematical  model  predictions  or  small 
scale  model  tests. 
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Sulfur  hexafluoride  (SFg)  is  widely  used  as  an 
insulating  gas  in  electrical  applications,  such  as  GIS 
(gas-insulated  substations),  switchgear,  etc.  The  gas 
is  chemically  inert  and  biologically  innocuous. 
Depending  upon  conditions  of  electrical  discharge 
(arc,  sparks,  corona),  presence  of  other  chemical 
compounds  in  the  SFg  gas  (e.g.,  H2O),  composition  of 
electrode  materials,  and  other  factors,  a  variety  of 
different  chemical  species  may  arise  following 
electrical  stress.  We  have  investigated  decomposition 
of  SFg  during  repeated  sparking.  The  apparatus  in 
which  the  sparking  took  place  had  a  concentric 
cylindrical  stainless  steel  electrode  arrangement,  and 
the  total  deposited  energy  was  usually  in  the  range  of 
l-32kJ.  The  various  gaseous  byproducts  were  analyzed 
by  mass  spectrometry  or,  in  a  few  cases,  gas 
chromatography.  Table  1  lists  the  concentration  of 
various  gaseous  byproducts  found  in  a  16kJ  spark 
sample. 


TABLE  1  Decomposition  Products  Found  Following 

Repeated  Sparking  in  SFg _ 

Product  Concentration  in  Sparked  SFga 

S0F2,  SF4b  0.5% 


SO2F2 

sof4 

Si  F4 

S02 

HFC 


0 . 006% 
0.085% 
0.026% 
0.002% 
1.0% 


s2F10d 


0.026% 


a16kJ  total  energy  deposited  into  70  cm^  gas  volume  at 
133kPa  total  pressure. 

bSF4  quickly  hydrolyses  to  SOF?  via  the  reaction  SF*  + 
H2O  =  SOF2  +  2HF.  The  indicated  concentration 
reflects  SF4  production  immediately  after  sparking  or 
SOF2  several  minutes  after  sparking. 

Concentration  not  measured,  but  calculated  based  on 
SF4  hydrolysis.  The  amount  should  be  considered  an 
upper  limit,  since  losses  may  occur  on  walls  or  via 
reaction  with  insulators. 

dYie1d  can  depend  strongly  on  moisture  in  the  system; 
increasing  moisture  leads  to  reduction  in  yield. 


The  toxicological  data  base  for  the  compounds  in 
Table  1  is  either  sparse,  or  virtually  nonexistent, 
but  there  is  sufficient  information  to  indicate  some 
of  these  compounds  are  biologically  very  active. 


Examination  of  available  TLVs  (threshold  limit  values- 
airborne  concentrations  of  substances  to  which  workers 
may  be  repeatedly  exposed  without  adverse  effect)  for 
these  compounds  suggests  the  highly  toxic  nature  of 
some  of  these  gases.  The  TLVs  for  S2F1Q,  SF4,  and 
SO2F2  are  0.025  ppm,  0.1  ppm  and  5  ppm  respectively. 
These  values  can  be  compared  to  TLVs  for  common 
hazardous  gases  like  CO  (50  ppm)  and  phosgene 
(0.1  ppm). 

Because  of  the  lack  of  biological  data  and  the 
potentially  strong  toxicity  for  some  of  these  gases, 
we  have  examined  their  biological  activity  in  an 
in  vitro  cultured  cell  system.  Using  a  novel  gas 
exposure  technique^,  cell  culture  lines  of  mammalian 
origin  were  exposed  for  1  or  4  h  to  different 
concentrations  of  individual  gases,  the  cell  killing 
(cytotoxic)  activity  of  the  gas  was  assayed,  and  dose- 
response  relationships  were  generated.  It  was  then 
possible  to  compare  the  relative  cytotoxicity  of  the 
various  byproducts.  The  following  list  ranks  the 
byproducts  from  most  cytotoxic  to  least  cytotoxic;  in 
addition,  the  approximate  gas  concentration  which 
killed  50%  of  the  cells  (following  4  h  exposure)  is 
given  for  each  gas  to  provide  a  semi -quanti tative 
indication  of  how  cytotoxic  one  compound  is  compared 
to  another.  Relative  cytotoxicities  were:  S2F jq- 
0.009%;  S02F2  -  0.35%;  S0F4  -  0.8%;  S0F2  -  1.5%;  SF4- 
1.6%;  S i F4  -  1.7%.  SO2  and  HF  were  essentially 

inactive  because  they  reacted  with  medium  components 
and  were  neutralized.  It  is  apparent  that  some  of  the 
decomposition  products  of  SFg  are  cytotoxic  at  low 
concentrations,  and  would  be  expected  to  contribute  to 
biological  toxicity  of  spark-decomposed  SFg.  Indeed, 
sparked  SFg  has  previously  been  assayed  in  our  cell 
culture  system,  and  16kJ  samples  have  been  found  to 
exhibit  a  vigorous  cytotoxic  effect.  There  are  a 
variety  of  compounds  present  in  spark-decomposed  SFg 
gas  which  can  produce  acute  cell  lethality  at  low 
concentrations,  and  therefore  appropriate  precautions 
in  dealing  with  this  gas  should  be  undertaken. 


This  research  is  sponsored  by  the  Office  of  Energy 
Storage  and  Distribution,  Electrical  Energy  Systems 
Program,  U.S.  Dept,  of  Energy,  under  contract  DE-AC05- 
840R21400  with  Martin  Marietta  Energy  Systems,  Inc. 
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INTRODUCTION 

In  recent  years,  interest  and  use  of  high  volt¬ 
age  direct  current  transmission  lines  for  bulk  power 
transfer  and  system  stability  has  grown.  The  study  of 
possible  environmental  impacts  of  high  voltage  direct 
current  transmission  lines  is  an  important  aspect  of 
the  design  and  licensing  of  these  high  voltage  trans¬ 
mission  lines.  In  order  to  properly  assess  the  impact 
of  a  HVDC  transmission  line  on  the  environment,  it  is 
necessary  to  characterize  the  electrical  environment 
in  the  vicinity  of  the  line. 


HYPC  TRANSMISSION  LINE  ELECTRICAL  ENVIRONMENT 

The  effect  of  a  HVDC  transmission  line  on  the 
electrical  environment  can  be  divided  into  two  areas: 
those  effects  due  to  the  fields  of  the  line,  and  those 
due  to  corona  on  the  line.  The  fields  from  a  HVDC 
transmission  line  consist  of  the  electric  field  and 
the  magnetic  field.  The  corona  effects  consists  of 
ions,  ozone,  audible  noiBe,  and  radio  interference. 

ELECTRIC  AND  MAGNETIC  FIELD 

The  voltage  on  the  conductors  of  a  HVDC  trans¬ 
mission  line  produces  an  electric  field  that  16 
directly  proportional  to  the  voltage  on  the 
conductors.  An  electric  field  is  also  produced  by  the 
charge  carried  by  ions  from  corona  on  the  line.  The 
combination  of  these  two  fields  produces  the  electric 
field  measured  at  ground  level.  Since  a  portion  of 
the  electric  field  is  produced  by  ions  from  corona  on 
the  line,  the  electric  field  from  a  HVDC  transmission 
line  is  dependent  upon  weather  conditions  (the  level 
of  corona  is  affected  by  weather  conditions).  The 
strength  of  the  electric  field  is  expressed  in 
kilovolts  per  meter  (kV/m).  The  current  flowing 
through  the  DC  conductors  produces  a  magnetic  f ield 
that  is  directly  proportional  to  the  current  carried 
by  the  conductors.  The  strength  of  the  magnetic  field 
is  typically  expressed  in  Gauss.  Both  the  electric 
and  magnetic  field  are  affected  by  the  height  and  ar¬ 
rangement  of  the  line  conductors.  They  both  decrease 
quickly  with  distance  from  the  line. 

Typical  electric  fields  found  near  DC  lines 
range  from  about  1  kV/m  at  the  edge  of  the  right-of- 
way  to  about  20  to  30  kV/m  directly  under  the 
conductors.  Typical  magnetic  fields  due  to  DC  lines 
range  from  a  few  10s  of  milliGausa  at  the  edge  of  the 
right-of-way  to  300  to  400  milliGauss  directly  under 
the  conductors, 

CORONA 

Corona  is  a  partial  electrical  breakdown  of  the 
air  surrounding  the  conductors.  In  the  corona 
process,  neutral  molecules  of  air  around  the  conductor 
are  ionized.  Corona  occurs  when  the  local  electrical 
stress  on  the  surface  of  the  conductor  (surface 
gradient)  becomes  large  enough  to  dislodge  one  or  more 
electrons  from  the  molecules  of  air  surrounding  the 
conductors.  This  occurs  at  about  30  kV/cm.  Typically 
corona  is  confined  to  a  region  within  two  or  three 
inches  from  the  surface  of  the  conductors. 


HVDC  transmission  lines  are  designed  so  that  the 
conductors  will  be  operating  below  the  corona  incep¬ 
tion  surface  gradient  of  30  kV/cm.  However,  nicks  in 
the  conductor,  small  airborne  particles  of  vegetation, 
pollen,  or  insects  on  the  surface  of  the  conductor 
create  points  where  the  electrical  stress  is  inten¬ 
sified  sufficiently  to  produce  corona.  In  foul 
weather,  raindrops  or  snow  flakes  on  the  conductors 
will  also  act  as  points  where  corona  is  produced. 

SMALL  AIR  IONS 

Air  molecules  that  have  been  ionized  in  the 
corona  process  undergo  numerous  collisions  with  the 
other  molecules  in  the  air  and  in  less  than  a  few  mil¬ 
liseconds  evolve  from  singly  charged  individual  atoms, 
molecules,  and  electrons  to  singly  charged  molecular 
clusters.  These  singly  charged  molecular  clusters, 
called  small  air  ions,  consist  of  several  water 
molecules  (typically  3  to  10  water  molecules) 
clustered  around  a  kernel  ion  due  to  the  electrostatic 
forces  of  its  charge.  Typical  levels  of  ions  from 
HVDC  transmission  lines  range  from  a  few  thousand 
ions/cm3  at  the  edge  of  the  right-of-way  to  ap¬ 
proximately  100,000  ions/ cro^  directly  under  the  line. 
Small  air  ions  are  generated  by  many  other  sources  and 
are  a  natural  constituent  of  the  air. 

As  small  air  ions  move  through  the  air  they  col¬ 
lide  with  existing  particles  suspended  in  the  air 
called  aerosols,  and  their  charge  is  transferred  to 
these  aerosols.  Charged  aerosols  are  sometimes 
referred  to  a6  ‘intermediate”  or  "large"  ion6. 

OZONE 

Although  ozone  is  produced  by  corona,  the  quan¬ 
tity  of  ozone  produced  by  HVDC  transmission  lines  is 
minimal.  Even  during  heavy  rain,  when  the  level  of 
corona  activity  is  at  its  highest,  the  ozone  con¬ 
centration  at  the  edge  of  the  right-of-way  is  likely 
to  be  less  than  a  few  parts  per  billion  (ppb).  It 
would  be  difficult  1 "  '’Ibti.  : ,  J 

transmission  lines  from  existing  ambient  ozone  levels, 
which  are  one  to  two  orders  of  magnitude  greater  (i.e 
10  ppb  to  100  ppb). 

AUDIBLE  NOISE  AND  RADIO  INTERFERENCE 

As  described  earlier,  corona  is  essentially  a 
small  electrical  discharge  or  spark  into  the  air  and 
88  such  can  produce  audible  noise  such  as  a  crackling, 
popping,  or  hissing  sound.  The  corona  also  generates 
radio  interference  in  much  the  same  manner  as  sparks 
from  the  commutator  of  an  electric  motor  such  as  an 
electric  drill  or  kitchen  blender.  Corona  produced 
radio  interference  is  generally  apparent  in  the  form 
of  static  superimposed  on  the  broadcast  material 
being  received,  and  it  is  more  apparent  on  AM  radio 
reception  than  on  FM  radio  reception.  FH  radio  recep¬ 
tion  is  essentially  immune  to  corona  and  electric 
spark  noise  since  it  is  frequency  modulated  instead  of 
amplitude  modulated  as  AM  i6. 

Up  to  a  point,  the  greater  the  amount  of  corona, 
the  greater  the  amount  of  audible  noise  and  radio 
interference.  However,  the  audible  noise  and  radio 
interference  levels  produced  by  corona  on  HVDC  lines 
actually  decrease  during  foul  weather  when  there  i6  a 
great  deal  of  corona  due  to  the  large  number  of  corona 
sources.  This  apparent  anomaly  stems  from  the  fact 
that  the  mode  of  corona  on  HVDC  lines  changes  when  the 
number  corona  sources  becomes  very  large,  such  as  in 
foul  weather.  With  fewer  sources,  such  as  in  fair 
weather,  the  corona  is  more  erratic  and  impulsive.  It 
is  this  impulsiveness  of  the  corona  which  results  in 
the  higher  generation  of  audible  noise  and  radio 
interference.  The  levels  of  audible  noise  and  radio 
interference  are  generally  low  from  existing  HVDC 
lines  and  have  few  if  any  problems  meeting  federal  and 
state  regulations. 
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The  subjects  oF  dry  corrosion  (gaseous 
corrosion)  and  wet  corrosion  are  now  distinct  areas 
oF  corrosion  science  in  their  own  right.  One  cannot 
say  that  there  is  close  interaction  between  the  two 
communities.  However  there  are  Instances  where 
phenomena  from  both  types  of  corrosion  come  into 
play;  such  a  situation  is  treated  here. 

The  situation  under  study  is  the  corrosion 
of  carbon  steel  in  gaseous  H2S  environments  as  well 
as  H2S-  saturated  aqueous  environments  in  the 
temperature  range,  95-300’C.  Such  corrosion 
phenomena  are  encountered  in  many  processes,  for 
example  in  the  corrosion  of  carbon  steel  tubulars  in 
sour  gas  wells.  This  subject  has  been  extensively 
treated  in  the  literature  and  some  of  the  more 
important  Dapers  have  been  assembled  in  a  NACE 
publication!.  The  majority  of  such  studies  have  been 
carried  out  at  room  temperature  or  a  few  degrees 
above.  The  general  picture  which  emerges  from  such 
studies  is  that  carbon  steel  in  sour  aqueous 
environments  tends  to  corrode  by  direct  dissolution 
of  iron  as  ferrous  ions.  Different  types  of  iron 
sulfide  phases  can  often  form,  and  when  they  do,  the 
scales  '..an  either  provide  corrosion  resistance  or 
they  themselves  can  undergo  dissolution.  In  a  recent 
study,  Hauslerr  has  brought  up  the  importance  of 
considering  transport  processes  within  the  corrosion 
product  layer. 

We  have  taken  the  approach  of  studying  the 
corrosion  of  carbon  steel  first  in  gaseous 
environments  containing  H2S  and  then  in  H2S-saturated 
aqueous  environments.  Thermogravimetric  techniques 
have  been  used  to  establish  kinetics  in  the  former 
case  whereas  electrochemical  techniques  have  been 
used  for  corrosion  studies  tn  the  aqueous  medium. 
The  experiments  have  been  performed  in  the  95-300’C 
temperature  regime. 

Thermgravimetric  data  for  the  corrosion  of 
carbon  steel  In  a  gaseous  environment  consisting  of 
1 0*  H2S  in  argon  at  220’C  are  presented  in  Fig.l. 
The  weight  gain  is  essentially  due  to  the  formation 
of  the  an  iron-  deficient  sulfide  (pyrrhotite)  scale 
on  the  surface  of  carbon  steel.  During  an  Initial 
period  extending  up  to  about  20  hours,  the  kinetic 
curve  follows  a  logarithmic  dependence  on  time. 
Following  this  Initial  period,  the  kinetics  are 
essentially  linear  with  time.  The  structure  of  the 
pyrrhotite  scale  which  is  formed  Is  shown  in  the  SEM 
fracture  cross  section  in  Fig. 2.  This  scale  consists 
of  a  thin  inner  iron  sulfide  layer,  next  to  the  metal 
surface,  which  is  very  fine-grained  and  a  thicker 
outer  sulfide  layer  whtch  is  made  up  of  columnar 
grains.  A  platinum  marker,  placed  initially  on  the 
metal  surface,  resides  close  to  the  metal  after 
sulfidation,  indicating  that  the  growth  of  the 
pyrrhotite  scale  occurs  by  the  predominant  outward 
diffusion  of  iron  ions  through  the  it.  The  columnar 
grains  have  a  definite  texture  associated  with  them; 
they  are  oriented  along  the  c-crystallographic 
direction  of  the  pyrrhotite  crystal.  We  believe  that 


the  fine-grained  inner  region  is  formed  first,  since 
the  metal  surface  presents  a  sufficiently  large 
number  of  nucleation  sites.  The  initial  formation  of 
the  fine-grained  layer  is  probably  limited  by  the 

dissociation  of  H2S  on  the  metal  surface.  Once  the 

metal  surface  is  covered  by  a  thin  layer  of  iron 
sulfide,  the  rate-limiting  step  switches  to  the 
dissociation  of  H2S  on  the  iron  sulfide  surface,  a 
much  slower  process.  This  leads  to  a  sudden 
deceleration  in  the  kinetics,  leading  to  the 

logarithmic  growth  behavior.  Once  the  fine-grained 
layer  is  formed,  the  grains  favorably  oriented  for 
growth  along  the  c-direction  grow  at  the  expense  of 
less  favorably  oriented  grains,  leading  to  the 

formation  of  the  coarse-grained,  columnar  outer 
scale.  It  is  knownO  that  iron  diffusion  in 
pyrrhotite  is  most  rapid  along  the  c-crystallographic 
direction.  The  fact  that  the  slope  of  the  weight 
gain  vs.  time  curve  is  constant  over  much  of  the 
duration  of  the  experimental  curve  in  Fig.l  suggests 
that  the  rate  of  pyrrhotite  growth  is  limited  by  a 
surface  reaction,  most  probably  the  dissociation  of 
H25  at  the  pyrrhotite  surface. 

Corrosion  studies  in  aqueous  media  also 
have  been  carried  out  in  the  95-300’C  temperatur. 
regime.  Measurements,  especially  at  the  higher 
temperatures,  had  to  be  carried  out  at  high  pressures 
for  obvious  reasons.  Electrochemical  polarization 
techniques,  involving  a  Tafel  extrapolation 
procedure,  were  used  to  establish  the  corrosion 
kinetics.  Typical  results  for  the  corrosion  of  4130 
steel  at  220’C  in  1*  NaCl  solution  saturated  with  10% 
H2S  in  argon  at  2000  psi  are  presented  in  Fig. 3. 
Each  experimental  point  on  this  graph  comes  from  a 
Tafel  extrapolation  procedure.  The  corrosion  rate 
starts  off  at  about  3000  mpy,  decreases  with  time, 
and  reaches  a  steadv-tate  value  of  approximately  150 
mpy  in  60  hours  or  so.  The  decreasing  rate  of 
corrosion  indicates  that  a  surface  reaction  is  not 
the  exclusive  rate-limiting  step  in  the  process.  An 
analysis  of  the  curve  in  Fig. 3  shows  that  in  the 
initial  stages  of  corrosion,  parabolic  rate  behavior 
is  observed,  involving  solid  state 
diffusion-controlled  growth  of  the  iron  sulfide 
scale.  As  corrosion  progresses,  a  mixed  control 
situation  takes  over  where  the  dissolution  of  the 
scale  also  becomes  a  contributory  factor.  At  still 
longer  times,  when  a  steady  state  rate  is  reached, 
the  rate  of  scale  growth  becomes  equal  to  the  rate  of 
scale  dissolution.  The  corrosion  product  scale 
formed  in  high  pressure  aqueous  environments, 
consists,  in  addition  to  pyrrhotite  as  the  major 
scale,  FeS2  crystals  at  the  outer  surface  as  shown  in 
Fig. 4.  However,  the  FeS2  phase  rarely  covers  the 
surface  so  that  solid  state  diffusional  processes 
mainly  occur  in  the  pyrrhotite  scale.  Since  the  slow 
dissociation  step  which  is  involved  in  gas  phase 
corrosion  does  not  occur  in  the  aqueous  case  and 
since,  further,  scale  dissolution  also  contributes  to 
corrosion  in  the  aqueous  phase,  the  overall  rate  of 
corrosion  Is  generally  higher  in  H2S-saturated 
aqueous  environments  as  compared  with  the  gas  phase 
alone. 
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Fig.l.  Kinetic  stages  in  the  Reaction  of 

Carbon  steel  with  10%  h?S  in  Fig. 3.  Kinetics  of  Corrosion  of  Carbon 

Argon  at  220°C  Steel  in  11:  NaCl  Solution 

Saturated  with  10%  H2S  at  2000  psi 


Fig. 2.  SEM  Micrograph  of  the  Fracture 
Cross-section  of  the  Corrosion 
Scale  Formed  by  Reaction  of 
Carbon  Steel  with  H2S  at  220°C 


Fig. 4.  Corrosion  Scale  formed  on  Carbon 
Steel  upon  Reaction  with  1%  NaCl 
Solution  Saturated  with  10%  H-,S 
at  2 20°C  and  2000  psi 
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The  molten  carbonate  fuel  ce^l  (MCFC)  system 
represents  a  highly  efficient  alternative  mode  of 
power  generation  from  natural  gas,  methanol  and 
coal  derived  gases.  Because  the  hardware  used  in 
an  MCFC,  such  as  separators  and  current  collectors, 
is  exposed  to  both  reducing  (anodic)  and  oxidizing 
(cathodic)  atmospheres  in  the  presence  of  molten 
carbonate  electrolyte,  the  alloy  used  needs  to  be 
very  stable  from  a  co-rosion  point  of  view.  Simul¬ 
taneous  attack  in  the  form  of  oxidation,  hot  salt 
fluxing  and  carburization  often  lead  to  poor  stability 
and  low  mechanical  strength  (1). 

In  recent  research,  commercial  and  experimental 
austenitic  stainless  steels  were  investigated  in 
a  typical  MCFC  environment.  Table  1  lists  the  compo¬ 
sition  of  a  few  of  the  alloys  studied  and  the  experi¬ 
mental  conditions  used.  The  experimental  techniques 
used  include  isothermal  soak,  acoustic  emission, 
cyclic  oxidation,  and  oxide  ohmic  resistance  measure¬ 
ments.  Hot  corrosion  mechanisms  are  proposed  based 
on  the  experimental  results. 

Isothermal  Soak  Experiment 

During  the  retort  testing,  the  test  coupons 
were  in  contact  with  a  melt  reservoir  of  carbonate- 
filled  plaques  of  porous  Ni  or  NiO.  In  the  cathode 
(oxidizing)  atmosphere,  uniform,  adherent  oxide 
scales  formed  on  high  Cr-Ni  alloys  (310S,  310S+Ce, 
310S+3i,  31^,  Crutemp-25,  COLT~25+).  Thick  scales 
formed  on  the  3l6L  and  I8-16+  alloys.  The  outer 
to  Inner  scales  formed  on  Fe-Ni-Cr  alloys,  using 
an  XPD  technique,  were  found  to  be  LiFeC>2,  (^03 , 
and  chromium  carbide,  respecti vely.  Many  of  the 
unidentified  peaks  from  the  inner  scales  may  corres¬ 
pond  to  Fe-Cr  spinels.  The  scales  formed  on  3l6L 
had  the  worst  adhesion,  showing  severe  spalling 
during  cool-down  of  the  testing.  The  very  high 
Mn  content  in  18~18+  is  definitely  detrimental. 
The  rare-earth  additives  (0.05%  la  or  0.2%  Ce )  did 
not  appear  to  improve  isothermal  corrosion  resistance 
a  great,  deal. 

A  high  Cr  content  (e.g,.,  25%  in  310S)  promotes 
the  formation  of  a  thicker  protective  0^03  compact 
layer  near  the  scale-metal  interface.  Although 
t’rpO}  dissolves  initially  in  molten  carbonate  as 
chromate,  t.he  formation  of  an  outer,  relatively 
passive  LiFeOj  layer  protects  (as  well  as 

o’ her  oxide  film  compounds)  from  further  carbonate 
attack.  This  LiFeC^  layer  is  relatively  resistant 
to  carbonate  fluxing  attack  as  a  result  of  its  rela¬ 
tively  low  solubility  in  molten  carbonate  (-80  ppm), 
also  ii.  sensitive  to  melt  basicity  changes  (2). 
A  low  Cr  content,  (e.g.,  '•18%  in  3l6L)  does  not 

guarantee  the  formation  of  a  sufficiently  thick 
CrpOj  layer  near  the  oxide-metal  interface  due  to 
much  Cr  dissolution  and  depletion  from  the  substrate 
alloy.  ir.  the  event  of  oxide  cracking,  a  continuous 
{’r2r'3  s-fil'--  may  not  be  able  to  reform  from  the  Cr- 
dep l*-*.ed  base  metal,  resulting  in  accelerated  attack. 
A  high  nickel  content  (20-25%)  appears  to  improve 
c  rr  -r-Icn  reel  stance,  but  the  whole  mechanism  in 
aii  i  tr  details  is  no*  yet  clear.  Many  theories 


on  the  benefits  of  Hi  have  been  proposed  before, 
such  as  the  improvement  of  oxide  adhesion. 

In  the  anode  environment  (reducing  atmosphere 
with  high  carbon  activity),  all  the  alloys  tested 
showed  high  corrosion  rates,  unaccep table  for  MCFC 
application.  The  outer  oxide  scales  formed  on 
Fe-Ni-Cr  alloys  are  Fe-ricb  (possibly  LiFecOg  or 
Li^FegOg)  and  non-adherent,  possibly  formed  by  the 
fluxing,  as  was  also  suggested  by  Singh  and  Maru 
(3).  Carbonate  was  detected  along  the  outer-inner 
scale  interface.  The  inner  scales  consist  of  Fe-Cr 
oxide  and  Ni-rich  metallic  phases;  a  typical  compact 
Cr203  layer  is  absent  under  reducing  conditions. 
Etching  of  the  base  alloys  revealed  considerable 
carburization;  the  extent  of  carburization  appeared 
less  with  high  Cr  content  (-25%  in  310S).  Carburiza¬ 
tion  causes  Cr  depletion  and  prevents  the  formation 
of  a  continuous  Cr2C>3  protective  layer.  The  carbide 
may  eventually  oxidize  and  release  carbon  for  further 
substrate  carburization.  It  is  suggested  that  the 
fluxing  attack  of  Fe,  coupled  with  carburi zation 
of  chromium,  causes  the  accelerated  attack  and  embrit¬ 
tlement  in  the  anode  atmosphere.  Basic  fluxing 
may  be  possible  due  to  oxide  accumulation  from  the 
reaction: 

20H~  +  2e“  — ■>  Hz  ♦  20= 

This  reaction  is  believed  to  proceed  much  faster 
than  the  direct  reduction  of  oxy-anions  (peroxide, 
etc.).  Nevertheless,  in  the  anode  atmosphere  a 
high  Cr-Ni  content  (as  in  310S)  somewhat  improves 
hot  corrosion  resistance,  but  not  as  much  as  in 
the  cathode  atmospheres,  for  similar  reasons  of 
poor  compact  passive  film  formation. 

Pressurized  testing  (10  vs.  1  atm)  indicates 
that  at  higher  pressure  (10  atm)  reduced  anode-side 
corrosion  occurs,  but  pressure  has  little  effect 
on  cathode-side  corrosion  of  310$  or  CCLT-254. 
Because  melt  basicity  is  reduced  at  a  higher  pressure, 
the  results  point  to  a  basic  fluxing  mechanism  in 
the  anode  atmosphere.  The  little  effect  of  melt 
basicity  on  the  solubility  of  LiFe02»  on  the  other 
hand,  may  explain  the  insignificant  effect  of  pressure 
on  cathode-side  corrosion  rate.  The  little  effect 
of  melt  alkali  composition  (with  somewhat  different 
melt  basicities)  on  corrosion  of  3103  in  an  oxidizing 
atmosphere  (Figure  l)  appears  to  confirm  the  above 
explanations. 

Cyclic  Oxidation  Experiment 

As  an  accelerated  test  of  scale  adhesion, 
rapid  cycling  oxidation  (1  cycle/hour  with  a  temper¬ 
ature  cycle  T00°C,  ^5  minutes,  and  room  temperature, 
15  minutes)  has  been  carried  out  in  cathode  atmos¬ 
phere  in  the  presence  of  1-1.5  ng/em2  of  62Li/3SK 
carbonate  melt  wetting  the  coupons.  The  results 
(Figure  2)  indicated  that  the  addition  of  La  or 
Ce  did  not  improve  cyclic  oxidation  resistance, 
although  this  type  of  rare-earth  additives  has  been 
reported  in  the  literature  to  be  able  tc  improve 
oxide  adhesion.  But  this  is  true  mainly  in  connection 
with  dry  oxidation.  Si-addition  clearly  appears 
to  improve  cyclic  oxidation  resistance,  probably 
due  to  the  greater  oxide  penetration,  as  found  by 
metallographic  analysis.  31bL  shows  the  worst  cyclic 
oxidation  behavior  among  the  commercial  alloys  studied 
based  on  the  weight  change  data  and  metallographic 
results . 

Acoustic  Emission  Experiment 

Adherence  of  oxide  scales  to  31DS,  3l6h  and 
COLT-25+  was  also  evaluated,  using  an  acoustic  emis¬ 
sion  technique.  The  results  indicate  that,  although 
COi»T-25+  has  a  better  cyclic  oxidation  resistance 
than  3103  or  31ol.  in  the  absence  of  carbonate,  mixed 
response  was  obtained  in  the  presence  of  carbonate, 
la-addition  does  not.  appear  to  improve  oxide  adhesion 
significantly,  as  was  als  >  concluded  from,  the  cyclic 


oxidation  experiments. 

Oxide  Ohmic  Resistance  Experiment 

Ohmic  resistivity  of  oxide  scale  formed  on 
current  collectors  is  an  important  consideration 
from  an  MCFC  performance  point  of  view.  Resistivity 
of  in-si tu  formed  oxide  scales  on  310s,  316L  and 
COLT-25*  has  been  measured  by  a  four-probe  resistivity 
measurement  technique.  The  results  indicate  that 
the  oxides  all  have  fairly  similar  volume  specific 
resistivity,  but  scale  thickness  contributes  substan¬ 
tially  to  the  higher  area  specific  resistances. 
A  small  oxide  growth  rate  may  indicate  fewer  crystal 
structure  defects,  whereas  a  high  electronic  resis¬ 
tivity  nay  indicate  fewer  electronic  defects.  How¬ 
ever,  because  of  the  mixed  valence  nature,  defect 
concentration  and  electronic  resistivity  of  the 
oxide  scales  evaluated  cannot  be  clearly  related. 
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FIGURE  X.  EFFECT  OF  MELT  COMPOSITION  ON  CORROSION  OF 
310S;  700°C;  10  0*/13  C02/?2  Na/5  K»C  (Reference  i) 
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Critical  gas  turbine  components  are  coated  by 
various  physical  and  chemical  processes  to  generate  a 
corrosion-resistant  surface  composition  to  protect  a 
strong  substrate  alloy. 

Halide-activated  pack  cementation  is  commonly 
used  to  generate  such  coatings.  This  is  a  chemical 
vapor  deposition  process  carried  out  in  a  closed 
container  at  high  temperatures.  A  'pack'  typically 
contains  the  substrate(s)  to  be  coated  and  powders  of 
an  inert  filler,  a  masteralloy  rich  in  the  element(s) 
to  be  deposited  and  a  halide  salt  activator.  The 
activator  salt  reacts  with  the  alloy  powder  to  form 
volatile  metallic  halide  molecules  which  provide 
vapor  phase  transport  from  the  pack  to  the  workpiece. 
The  process  temperature  is  high  enough  for  the 
species  to  diffuse  into  the  workpiece  and  enrich  it 
to  a  significant  depth.  Aluminum,  chromium  and 
>  i  1 i con  have  been  extensively  investigated  as  the 
alloying  elements. 

Industrial  practice  is  to  deposit  only  one 
element  at  a  time.  However,  if  two  elements  could  be 
deposited  simultaneously,  superior  oxidation 
resistance  could  be  achieved.  In  a  cement-pack, 
deposition  occurs  by  disproportanation  of  the  gaseous 
halides,  or  by  reactions  of  the  halide  with  the 
activator  or  the  gaseous  environment.  To  «■ ^oose  the 
appropriate  pack  chemistry  for  codeposition  of  A1  and 
Cr,  a  knowledge  of  the  partial  pressures  of  the 
relevant  halides  is  essential.  This  has  been  done 

with  a  omprter  program  SOLGAM I X - PV . ^ 1 J  From 

activity  data  of  Johnson  et  al^J,  partial  pressures 
of  the  gaseous  species  in  equilibrium  with  the  pack 
have  been  plotted  as  a  function  of  the  activity  of  A1 
in  the  A1 -Cr  masteralloy  at  1273  K.  The  partial 
pressures  of  the  A1  fluorides  are  always  higher  than 
the  Cr  fluorides  indicating  that  codeposition  of  A1 
and  Cr  may  not  be  possible  in  a  fluoride-activated 
packs.  In  chloride  activated  packs  (NaCl,  CrClg)* 
the  partial  pressures  of  the  Cr  halides  are 
comparable  or  higher  than  the  A1  chlorides  for  very 
low  aluminum  activities  of  Al-Cr  masteralloy. 

In  the  current  studies,  A1  and  Cr  were  co¬ 
deposited  into  Ni  and  Ni-base  alloys  by  greatly 
reducing  the  activity  of  A1  in  the  masteralloy 
relative  to  Cr.  Coatings  were  obtained  for  several 
masteralloy  compositions  {98  Cr-2  A1 ,  95Cr-5  A1 ,  92 
Cr-8  A 1  and  90  Cr-10  A1  ( w/ o ) )  and  different 
activators.  The  coatings  were  then  characterized  by 
optical  and  scanning  electron  microscopy  and  energy 
dispersive  analysis.  The  effectiveness  of  the 
coatings  was  verified  by  cyclic  oxidation, 
thermogravimetry  and  hot  corrosion  testing. 

This  presentation  will  discuss  the  principles  of 
codeposition  and  show  how  the  pack  can  be  engineered 
to  attain  the  desired  coating  composition. 
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Steels  used  at  high  temperatures  (700-1200  C)  in 
utility  boilers,  petrochemical  plants,  fuel 
cells. ..have  to  be  protected  against  various 
corrosion  atmospheres.  Chromium  and  aluminum  or 
aluminum  and  silicon  are  known  to  provide  the  best 
resistance  to  degradation  by  a  variety  of  high 
temperature  environments. 

Because  the  volatile  halides  of  aluminum  are  very 
much  more  stable  than  those  for  chromium  or  silicon, 
codeposition  of  Cr  and  Al  in  a  single  coating  step  is 
generally  unsuccessful. 

But,  recently,  by  using  a  binary  alloy  with  a  low 
activity  of  A 1  ,  simultaneous  chromizing  and 

i  ? 

aluminizing  on  :,teels  has  been  achieved. 

Based  on  these  successful  results,  an 
investigation  was  undertaken  to  gain  further 
understanding  into  the  mechanism  of  simultaneous 
deposition  of  Cr  and  A1  into  Fe  substrates  and  to 
achieve  similar  d'ffusion  coatings  in  low  and  high 
alloy  steels  in  der  much  less  restrictive  and 
industrially  viable  conditions. 

Thermodynamic  Study 

The  pack  cementation  coating  process  is  usually 
carried  out  at  constant  temperature  (1000  C)  in  a 
reducing  (H^)  or  inert  (Ar)  background  at  constant 
pressure  (1  atm).  To  understand  the  pack/gas 
equilibrium,  when  an  alloy  is  used  as  the 
masteralloy,  a  thermodynamic  analysis  has  been  done. 

The  calculation  of  the  equilibrium  partial 
pressures  of  the  stable  gaseous  species  as  a  function 
of  the  activities  of  the  condensed  phases  has  been 

done  using  a  SOL  GAM  I X  software  program  The 

calculations  were  performed  for  1000  C  in  an  Ar 
background  atmosphere  for  various  activators  and 
master-alloys.  The  activities  of  Cr  and  A1  in  binary 
Cr-Al  alloys  used  in  these  calculations  were  taken 
from  Johnson  et  al  .  The  thermodynamic  compilations 
of  Pankratz  served  as  a  source  of  free  energy  data 

ft  q  in 

for  all  species  except  gaseous  CrC 1 x  and  CrFx  ’  . 

In  NaF-  or  AlF3-activated  packs,  the  A1FX  partial 
pressures  are  always  much  higher  than  those  of  CrFx. 
Therefore,  the  fluoride  packs  are  strongly 
aluminizing  even  at  low  aluminum  activities  in  the 
masteralloys,  and  codeposition  of  Cr  and  Al  should 
not  be  possible  using  a  fluoride  activating  salt. 

In  NaCl-  and  CrC 1 2* act i vated  packs  for  low  Al 

activities  (about  6.5  x  10’3),  the  partial  pressures 
of  Cr  chlorides  are  greater  than  those  of  Al 
chlorides.  The  Al  Cl  x  (x  =  1,2,3)  and  CrC^  partial 

pressures  are  comparable  for  Cr-Al  binary 
masteralloys  with  compositions  corresponding  to  10-15 
wt%  Al  .  At  the  interface  of  the  pack/Fe  substrate, 
the  partial  pressure  of  FeC 1 ^ ( v )  quite  high,  so  an 

exchange  reaction  such  as  Eq.  (1)  must  be  expected: 

Fe( s)  +  MCI 2< v)  =  FeCl 2( v)  f  M  (1) 

where  M  denotes  Cr  or  Al . 

Experimental  Results 

Codeposition  of  Cr  and  Al  into  2  1/4  Cr-1.0  Mo 
steel  has  been  carried  out;  different  binary  Cr  Al 
masteralloys  and  different  activators  have  been 
tested.  For  a  chi  or i de - ac t i vated  pack  with  Ar 
background  gas,  at  1000  C,  chromizing  or  chromizing 
aluminizing  can  be  achieved  depending  on  the  Al 
activity  of  the  masteralloy.  These  results  agree 


qualitatively  with  the  thermodynami c  calculations 
performed  for  such  packs. 

For  a  CrC^-activated  pack  at  1035  C,  the  coating 
contains  a  very  thin  fine-grained  outer  layer  and  an 
extensive  inner  layer  with  large  columnar  grains. 
The  concentration  profiles  for  Al  and  Cr  through  the 
coating  are  regular.  The  coating  interface  is  marked 
by  a  step  in  the  Cr  concentration  profile,  corres¬ 
ponding  to  the  gamma  loop  in  the  Fe-Cr-Al-C  system 
for  1035  C. 

Chromizing  and  aluminizing  of  stainless  steel 
alloys  ( 304SS  and  316SS)  have  also  been  carried  out. 
The  combination  of  the  composition  of  the  masteralloy 
and  the  activator  salt  to  avoid  the  formation  of  a 
N  i  A 1  outer  layer  was  researched.  In  the 
mi crostructure  of  an  alloy  316SS  coated  with  a  92.5 
Cr-7.5  Al  masteralloy  and  NaCl  activator,  the  brittle 
outer  layer  did  not  form,  but  the  coating  is  rather 
thin  and  shows  areas  which  seem  to  have  undergone  a 
reverse  transformation,  perhaps  resulting  from  pack 
depletion. 
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Gas-solid  reactions  involving  chlorine  and  oxygen 
are  an  interesting  class  of  reactions  since  they  lead 
to  both  condensed  phase  and  volatile  products.  The 
condensed  phase  products  may  be  oxides  or  chlorides 
and  the  volatile  products  may  be  chlorides  or  oxy¬ 
chlorides.  In  this  paper,  two  systems  are  discussed- 
binary  Ni-Cr  alloys  and  SiC  ceramics.  Both  systems 
are  known  to  form  stable  oxychlorides  and  both  are 
close  to  systems  of  practical  importance.  A  list  of 
the  materials  examined  is  given  in  Table  I. 

These  reactions  lend  themselves  to, study  with  an 
atmospheric  sampling  mass  spectrometer.  Such  an 
instrument  allows  the  vapor  species  of  a  process 
occurring  at  one  atmosphere  to  be  monitored  with  a 
mass  spectrometer  operating  at  M0~  torr.  This 
instrument  is  shown  schematically  in  Figure  1.  It 
consists  of  a  series  of  differentially  pumped  vacuum 
chambers.  A  small  (8  mil)  orifice  is  placed  in  the 
reaction  furnace  near  the  sample.  The  volatile 
species  enter  the  cone  and  undergo  a  free  jet  expan¬ 
sion.  Such  an  arrangement  allows  the  direct  sampling 
of  volatile  reaction  products  while  preserving  their 
chemical  and  dynamic  integrity. 

Consider  first  the  Ni-Cr  alloys.  Each  of  these 
alloys  was  preoxidized  for  two  hours.  The  Ni6Cr  alloy 
formed  a  NiU  scale,  the  Ni-15Cr  formed  a  NiO  and  Cr?U3 
scale,  and  the  Ni-30Cr  formed  a  Cr^O^  scale.  The  mass 
spectrometer  data  is  shown  in  Table  TI.  Very  clearly, 
the  higher  chromium  alloys  produce  more  corrosion 
products.  Thermogravimetric  data  on  these  reactions 
over  several  hours  showed  that  the  Ni-30Cr  alloy 
corroded  the  most  rapidly. 

These  data  are  explained  on  basis  of  the  extra¬ 
ordinary  stability  of  the  CrO-Clo  vapor  molecule. 

Table  III  lists  some  heats  orformation  of  the 
refractory  metal  oxychlorides  as  compared  to  other 
volatile  chlorides.  “  Evidence  suggests  that  chlor¬ 
ine  reacts  directly  with  the  oxide  scale  as  follows: 

Cr203  +  2C1 2  (g)  +  1/?  02  (g )  =  2Cr02Cl2  (v) 

The  important  conclusion  is  that  while  Cr-O^  scales 
offer  excellent  protection  in  some  corrosive  environ¬ 
ments,  they  appear  to  be  readily  volatilized  by 
chlorine-oxygen  mixtures. 

Next  consider  SiC  ceramics.  These  materials  form 
protective  Si 0^  scales.  Silicon  oxychlorides  have 
been  reported,  but  there  is  no  thermodynamic  data 
readily  available.  The  most  commonly  observed  c 
products  in  this  system  are  Si  Cl  ^  •  SiCK,  and  Si  Cl  ^ . 

As  shown  in  Table  III,  S i C 1 4  is  quite  stable. 

The  results  for  silicon  based  ceramics  can  be 
summarized  as  follows.  Increasing  the  ratio  of  oxygen 
to  chlorine  tended  to  slow  the  reaction.  A  typical 
mass  spectra  is  shown  in  Table  IV.  Oxychlorides  were 
observed,  but  in  very  small  quantities.  Thermodynamic 
calculations  suggest  that  the  reaction  of  Si02  with 
Cl2  forms  SiCI^  in  very  limited  quantities.  Thus,  it 
is  quite  likely  that  silicon  chlorides  do  not  form  by 
direct  reaction  with  $i02,  but  rather  by  oxide 


penetration  and  reaction  with  the  SiC  substrate.  It 
is  further  proposed  that  the  silicon  oxychlorides  form 
by  reaction  of  silicon  chlorides  with  oxygen.  This 
is  because  passing  oxygen  over  liquid  SiCl^  forms 
numerous  silicon  oxychlorides.  H 

In  summary,  the  reactions  of  metals  and  ceramics 
with  oxygen  and  chlorine  mixtures  has  been  discussed 
for  both  Ni-Cr  alloys  and  SiC  ceramics.  Although 
both  systems  produce  stable  oxides,  chlorides,  and 
oxychlorides,  the  specific  reaction  schemes  are  quite 
di fferent. 
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TABLE  I 

Materials  Studied 

Metal s  Ceramics 

Ni-5Cr  Si 

Ni-15Cr  SiC  ( A1 203  additives) 

Ni-30Cr 


TABLE  II 


Mass  Spectrometer  results  for  Ni-Cr  A1 loys-preoxidize 


2 

All 

hours  and  react  with  1 %  Cl?/50* 
ion  intensities  normalized  to  Cl 

07/Ar  at 
2+: 

O  : 
o 

C~t 

m/e 

Probable 

Ion 

Parent 

Ni-30Cr 

x!0q 

Ni-15Cr 

xl0q 

Ni-5ji 

xlO 

93 

NiCH 

Ni  Cl  2 

— 

2.0 

— 

103 

CrOCl + 

Cr02Cl2 

1.3 

2.0 

- 

119 

CrO^Cl  + 

Cr02Cl 2 

4.9 

2.3 

1.6 

130 

NiCl  2  + 

NiCl  2 

0.4 

3.2 

1.6 

154 

Cr02Cl 2+ 

Cr02Cl2 

4.4 

4.1 

- 

772 
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Iron-chromium  alloys  are  resistant  to  oxidation 
because  they  form  a  protective  chromium  oxide  scale 
by  selective  oxidation  of  chromium  in  high  tempera¬ 
ture  oxidizing  environments.  These  alloys  may  be 
susceptible  to  accelerated  oxidation  when  the  temp¬ 
erature  of  the  environment  changes,  because  the  dif¬ 
ference  in  thermal  expansion  coefficient  between  the 
oxide  and  the  metal  can  produce  stresses  which  can 
lead  to  cracking  or  spallation  of  the  oxide  scale. 
The  metal  which  is  exposed  to  the  environment  by 
spallation  of  the  oxide  may  be  depleted  in  chromium 
due  to  the  earlier  oxidation,  so  that  a  protective 
oxide  scale  does  not  reform  promptly  leading  to  a 
condition  referred  to  as  breakaway  oxidation. 

The  presence  of  chlorine  contamination  in  the 
corrosive  environment  is  known  to  exacerbate  the 
problem.  In  this  study,  the  effects  of  chlorine 
contamination  on  the  cyclic  oxidation  of  an  1 ron-20% 
chromium  alloy  (by  weight)  have  been  investigated  in 
an  environment  consisting  of  Argon.  20%  02  (by  vol¬ 
ume),  and  varying  levels  of  Cl2,  The  experiments 
focussed  on  the  effect  of  chlorine  on  the  initiation 
of  scale  failure  events  and  on  the  role  of  chlorine 
in  the  transport  of  species  through  the  corrosion 
product  scale. 

The  experiments  were  thermogravimetric  measure¬ 
ments  performed  at  1000  K  and  1200  K  in  gas  mixtures 
flowing  at  a  superficial  velocity  of  1.5  cm  a-1 
using  a  Cahn  RG  electrobalance  and  rectangular  metal 
specimens  with  dimensions  of  approximately  1  cm  x  1 
cm  x  1  mm.  The  experiments  were  performed  for  a 
period  of  100  hours  with  cooling  cycles  to  approxi¬ 
mately  100°C  for  30  minutes  each  occurring  every  12 
hours  during  the  exposure.  A  long  cycle  time  was 
selected  to  maximize  the  probability  of  spallation 
events  occurring  at  each  temperature  cycle.  At  the 
conclusion  of  the  experiments,  the  samples  were 
examined  by  optical  and  scanning  electron  microscopy 
and  the  corrosion  products  were  identified  using 
X-ray  diffraction  analysis. 

Figure  1  shows  a  typical  thermogravimetric 
result  for  the  Fe-20%Cr  alloy  exposed  at  1200  K  in 
gas  mixtures  containing  varying  amounts  of  Cl2.  The 
changes  in  mass  detected  in  the  un contaminated  envi¬ 
ronment  and  in  the  0.0S%C12  environment  are  small  in 
comparison  to  those  observed  in  the  other  environ¬ 
ments,  although  it  is  to  be  noted  that  they  were 
larger  than  the  changes  in  mass  observed  in  the  same 
environments  under  isothermal  conditions.  In  the 
other  environments,  the  mass  of  the  specimens 
increased  substantially  after  exposure,  with  sharp 
increases  in  mass  being  observed  after  many  of  the 
temperature  cycles.  Only  one  obvious  spallation 
event  was  observed  during  this  experiment.  This  is 
indicated  by  the  sharp  decrease  in  mass  of  the  spec¬ 
imen  in  the  0.1%  Cl2  environment  after  the  tempera¬ 
ture  cycle  24  hours  after  the  beginning  of  the 
experiment.  In  all  other  cases  the  failure  of  the 
protective  scale  occurred  with  the  scale  remaining 
on  the  specimens.  At  the  conclusion  of  the  experi¬ 
ments,  the  specimens  which  showed  large  increases  in 
mass  were  covered  by  porous  oxide  corrosion  prod¬ 
ucts.  Very  little  unreacted  metal  remained  at  the 


end  of  the  experiments  performed  in  0.5%  Cl2  and  1% 

C12. 

Because  the  rate  of  attack  of  the  alloy  after 
the  temperature  cycles  in  environments  containing 
0.1%  Cl2  to  0.5%  Cl 2  is  much  greater  than  the  rate 
of  attack  of  the  alloys  at  the  beginning  of  the 
experiments,  these  results  cannot  be  interpreted  in 
terms  of  scale  spallation  alone.  Instead,  the  dam¬ 
age  to  the  oxide  scale  produced  by  the  temperature 
cycle  and  the  selective  oxidation  of  chromium  from 
the  layer  of  metal  below  the  scale  produces  a  condi¬ 
tion  under  which  the  mixed  oxidation-chlorination  of 
the  alloy  can  proceed  at  a  very  high  rate.  The 
implications  of  these  observations  for  the  mecha¬ 
nisms  of  mixed  oxidation-chlorination  of  alloys  will 
be  discussed. 
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Figure  l.  1'hermogravlmotrlc*  results  for  Fo-JOVr 
»llov  hi  Ar-2020,-Cl gas  mixturvs  at  1  _'00  K  with 
temperature  cvclcs  to  )  7  3  K  at  12  hour  intervals. 
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Alloy  grain  size  is  not  usually  regarded  as 
having  an  important  effect  on  oxidation  rates.  It  has 
been  demonstrated,  however,  that  surface  deforma¬ 
tion,  leading  to  a  recrystallized,  fine-grain  surface 
layer,  is  beneficial  in  promoting  the  formation  of  a 
protective  scale  on  alloys  of  marginal  compositions.1 
It  was  suggested  that  enhanced  transport  of  alloying 
elements  to  the  metal/scale  interface,  via  grain 
boundary  diffusion,  accelerated  the  initial  formation 
of  the  protective  scale,  which  contributed  to  a  subse¬ 
quent  reduction  in  the  overall  oxidation  rate.  It  has 
also  been  demonstrated  that  a  stainless  steel  pre¬ 
pared  by  powder  metallurgy  techniques  using  rapidly 
solidified  powders,  and  therefore  having  a  very  fine 
grain  size,  exhibited  greatly  improved  oxidation  re¬ 
sistance  as  compared  to  conventionally  prepared 
alloys  of  the  same  composition. 2  In  the  present 
study  we  have  examined  the  effect  of  alloy  grain  size 
on  the  rate  of  oxidation  of  a  very  oxidation  -resistant 
alloy. 

Materials  and  Experimental  Procedure 

Two  materials  having  the  same  nominal  com¬ 
position  (Ni-  2.5Fe  -1 6.2Cr  -4.7AI  -0.1  OSi  -0.02Y 
wgt%)  were  studied.  One  was  a  very  fine-grained 
alloy  prepared  by  plasma  spraying  of  blended  pow¬ 
ders,  which  was  kindly  supplied  by  General  Electric 
Research  and  Development.  The  other  material  was 
the  commercial  alloy  Cabot  214,  which  is  made  by 
conventional  cast/wrought  techniques,  and  a  sample 
was  kindly  supplied  by  the  Haynes  Corp.  The 
plasma  sprayed  material,  as-received,  had  an  aver¬ 
age  grain  size  of  1.4  pm;  the  Cabot  214  had  an  as- 
received  grain  size  of  65  microns.  Individual  speci¬ 
mens  of  the  plasma  sprayed  alloy,  approximately  1 
cm2  x  1mm,  were  heat  treated  for  various  times  at 
1250  or  1300°C  to  obtain  larger  grain  sizes,  as  re¬ 
ported  in  Table  1.  Some  specimens  experienced 
grain  growth  and  thus  developed  a  bi-modal  grain 
size  distribution.  After  heat  treatment  the  specimens 
were  ground  to  remove  any  alloy  depletion  layer  at 
the  surface,  then  they  were  polished  through  1 .0  pm 
diamond  abrasive  in  preparation  for  oxidation  stud¬ 
ies.  Because  the  oxidation  temperature  was  less 
than  the  heat  treatment  temperature,  these  grain 
structures  were  expected  to  be  stable.  The  as-re¬ 
ceived  plasma-sprayed  alloy  did  experience  grain 
growth  during  the  oxidation  exposure. 

The  oxidation  kinetics  were  determined  a! 
1150°C  in  oxygen  from  continuous  weight  mea¬ 
surements  for  periods  of  1/2  to  72  hours  with  the  use 
of  a  Cahn  model  1000  electrobalance.  Because  of 
the  high  (weight)  sensitivity  required,  weight  changes 
during  the  first  few  minutes  of  exposure  were  quite 
variable  and  it  was  difficult  to  establish  accurately  the 
initial  weight  of  the  specimen  at  temperature.  Con¬ 
sequently,  these  small  initial  weight  changes  have 
been  discounted.  While  this  procedure  does  not 
establish  absolute  weight  gains,  the  relative  posi¬ 
tions  of  the  curves  were  found  to  be  independent  of 
the  choice  of  a  starling  reference  point. 


The  grain  size  of  the  oxide  scale  was  evalu¬ 
ated  with  transmission  electron  microscopy  on 
pieces  of  scale  that  had  spalled  on  cooling.  Sam¬ 
ples  were  prepared  for  microscopy  by  ion-milling 
from  the  gas/oxide  side,  and  the  results  are  reported 
in  Table  2. 

These  alloys  were  also  examined  with  an 
acoustic  emission  technique  that  can  detect,  in-situ, 
the  fracturing  of  the  oxide  scale.  This  technique, 
which  has  been  described  elsewhere,3  is  based  on 
the  sensing  of  the  elastic  energy  released  by  a  crack 
with  the  use  of  a  sensitive  piezioelectric  transducer. 
The  output  of  the  transducer  is  converted  to  "counts" 
by  suitable  electronic  equipment,  'Dunegan  3000 
System'.  A  typical  run  was  carried  out  as  follows:  a 
specimen,  prepared  identically  to  the  oxidation 
specimens,  was  spot  welded  to  a  platinum  wire 
(which  acted  as  a  waveguide),  and  was  suspended 
in  the  furnace.  The  opposite  end  of  the  wire  was 
clamped  against  the  piezoelectric  transducer  which 
is  held  outside  the  furnace.  The  specimen  was  oxi¬ 
dized  isothermally  (1150°C)  for  72  hours  in  1  atm. 
oxygen  and  then  furnace  cooled  to  room  tempera¬ 
ture.  Acoustic  emission  data  were  collected  during 
the  isothermal  period  and  during  cool-down.  It 
should  be  noted  that  a  single  crack  can  generate 
many  counts.3 

Results  and  Discussion 

All  the  samples  readily  formed  protective  a- 
Ai2C>3  scales  under  the  conditions  of  the  experiment. 
A  plot  of  TGA  data  for  short  times  for  several  different 
grain  sizes  of  plasma  spray  alloys  (GE/PS)  and  for 
Cabot  alloy  214  (C-2l4)is  shown  in  Fig.  1.  These 
results  show  that  among  the  GE/PS  specimens  the 
larger  grain  sizes  produced  faster  initial  rates  of  oxi¬ 
dation.  Interestingly,  the  wrought  alloy  C-214.  with  a 
large  grain  size,  oxidized  as  slowly  as  the  finest 
grained  GE/PS  alloy.  Over  a  longer  time  the  rates  of 
oxidation  decreased  with  time,  as  shown  in  Fig  2, 
and  generally  all  the  specimens  approached  the 
same  low  value,  regardless  of  the  initial  rates.  These 
longer  term  kinetics  are  similar  to  those  obtained  by 
other  authors  for  similar  alloy  compositions. 

Acoustic  emission  activity  was  low  during 
isothermal  oxidation,  typically  accumulating  less  than 
2000  counts/cm^.  While  this  likely  indicates  some 
isolated  scale  cracking,  the  protectiveness  of  the 
scale  was  not  significantly  compromised,  as  is  evi¬ 
dent  from  the  TGA  curves  Unfortunately,  the  pres¬ 
ence  of  (isothermal)  cracks  could  not  be  verified  by 
subsequent  examination,  because  on  cooling  from 
1150°C  to  room  temperature  large  numbers  of  addi¬ 
tional  counts/cm2  were  recorded,  indicating  exten¬ 
sive  cracking  induced  by  the  thermal  mis-match 
stresses.  While  there  is  a  considerable  range  of  total 
numbers  of  counts  (1.5  x  105  to  5  x  107  counts/cm2) 
among  the  specimens,  there  was  not  a  clear  trend 
with  grain  size.  Therefore,  the  data  are  shown  in  Fig 
3  as  a  plot  of  per  cent  accumulated  counts  tem¬ 
perature.  This  representation  emphasizes  that  most 
of  the  thermally  induced  cracking  occurred  only  after 
a  considerable  amount  of  cooling,  AT  >  500  -  600'C. 
Although  thermal  cycling  oxidation  tests  have  not 
been  run,  the  acoustic  emission  data  suggest  that 
these  alloys  would  not  tare  well  with  thermal  excur¬ 
sions  extending  to  near  room  temperature 

Unlike  earlier  studies  on  alloys  which  formed 
Cr203  scales  and  which  have  poorer  oxidation  re¬ 
sistance.  the  present  studies  show  that  alloy  grain 
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size  does  not  appear  to  be  a  highly  significant  pa¬ 
rameter  in  determining  oxidation  resistance  for 
Al2C>3-forming  alloys  that  have  a  high  inherent  re¬ 
sistance.  There  is  a  clear  beneficial  effect  of  small 
grain  size  during  the  early  stages  of  oxidation,  but 
this  effect  is  gradually  lost  as  the  scale  thickens. 
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Table  1.  Grain  Sizes  of  Alloys 


Heat  Treatments 

Grain  Size 

Alloy 

(°C) 

(hr) 

(pm) 

Cabot  214 

65 

Plasma-sprayed 

- 

- 

1.4 

Plasma-sprayed 

1250 

24 

17 

Plasma-sprayed 

1250 

72 

26 

Pidsma-sprayed 

1300 

24 

20 

Plasma-sprayed 

1300 

72 

32 

Table  2.  Grain  Sizes  of  Oxide  Scales 


GE/PS  Alloy 

Oxidation 

Grain 

Grain  Size 

Time 

Diameter 

(pm) 

(hr) 

(pm) 

32 

0.5 

0.25 

26 

0.5 

1.3 

32 

24 

1.9 

20 

24 

1.1 
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Oxidation  Kinetics 


Figure  1.  Oxidation  kinetics  for  different  grain  sizes'  of 
GE/PS  alloy  and  for  the  as-recieved  C-214  alloy.  Refer 
to  Table  1  for  heat  treatments. 


Instantaneous  Oxidation  Rale 


Figure  2.  Instantaneous  oxidation  rates  for  different 
grain  sizes  of  GE/PS  alloy  and  as-recieved  C-214 
alloy.  The  larger  grain  sizes  of  GE/PS  alloy  have 
higher  initial  rates. 

Acoustic  Emission 


Figure  3  Accumulated  counts  as  a  function  of 
temperature  during  furnace  cooling  for  GE/PS  and 
C-214  alloys  occurs. 
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Previous  research  has  shown  that  yttrium 
additions  to  high  temperature  alloys,  either  as  oxide 
dispersions  or  as  a  metal,  have  a  significant  effect 
on  the  growth  characteristics  of  chromium  oxide 
scales  formed  on  such  alloys* *4.  Generally  yttrium 
tends  to  lower  •  the  rate  of  growth  of  the  chromium 
oxide  scale  by  suppressing  chromium  transport  through 
the  scale  to  such  an  extent  that  oxygen  migration 
be com ,s  the  predominant  rate-limiting  step  in  scale 
growth.  According  to  Przybylski,  Garrett -Reed  and 
Yurek2,  yttrium  tenas  to  segregate  to  grain 
boundaries  in  the  chromium  oxide  scale  and  such 
segregation  suppresses  the  grain  boundary  transport 
rate  of  chromium  in  the  chromia  scale.  On  the  other 
hand,  Ramanarayanan  and  coworkers  1*3  hold  a  different 
view;  according  to  them,  yttrium  dopes  into  the 
chromia  scale  and  decreases  the  population  of 
chromium  interstitials  both  in  the  lattice  and  grain 
boundary  regions  of  the  chromia  scale,  thereby 
suppressing  chromium  transport.  It  would  be 
interesting  to  look  into  the  effects  of  other  rare 
earth  elements  on  chromia  scale  growth  rate  in  the 
context  of  the  above  two  mechanisms. 

In  the  present  work  Ce,  which  is  known  to 
have  a  variable  valence,  has  been  selected  as  the 
rare  earth  metal  addition.  Cerium  was  ion  implanted 
on  Ni -30  Cr  alloys  at  a  concentration  level  of 
10*6/cm2.  0f  ^e  ce  iS  concentrated  within  the 
first  250  A  or  so.  The  samples  were  oxidized  in  the 
800  to  1 1 1 0 * C  temperature  range  at  relatively  low 
oxygen  partial  pressures  fixed  by  CO2/CO  ratios  of  4, 
1  and  0.25  to  generate  predominantly  chromiun  oxide 
scales.  In  general,  the  oxidation  kinetics  followed 
parabolic  beha1  ior.  The  kinetic  curves  for  the 
Ce-implanted  and  the  unimplanted  samples  at  1050*C 
using  a  50  C02/50  CO  gas  mixture  are  compared  in 
Fig. I.  The  kinetics  are  seen  to  be  much  slower  in 
the  Ce-implanted  case.  Similar  observations  were 
made  at  other  temperatures. 

The  kinetic  data  for  the  various 
temperatures  investigated  are  summarized  in  Fig.  2  in 
the  form  of  parabolic  rate  constant  vs.  reciprocal 
temperature.  The  lower  line  corresponds  to  the 
Ce-implanted  samples.  The  data  should  be  treated  as 
preliminary;  more  investigations  are  underway, 
covering  more  temperatures.  The  data  points 
correspond  to  kinetic  measurements  using  50  C0/50  CO2 
and  80  CO/2Q  CO2  g as  mixtures.  The  upper  line  is  the 
earlier  data  on  the  oxidation  kinetics  for  Ni -30  Cr 
alloys  in  80  CO/  20  CO2  gas  mixtures.  The  parabolic 
rate  constant  values  for  chromium  oxide  growth  on  the 
Ce-implanted  samples  are  seen  to  be  a  factor  of  10  to 
15  lower. 

In  earlier  research! *4  on  Ni-base  alloys 
containing  yttrium  oxide  dispersoids,  it  was  shown 
that  yttrium  incorporation  into  the  chromium  oxide 
scale  had  the  effect  of  decreasing  the  chromium 
transport  rate  In  the  oxide  scale  so  that  oxygen 
becomes  the  predominant  transporting  species  in  the 
oxide  scale.  A  similar  effect  seems  to  be  occurring 
in  the  case  of  chromium  oxide  scales  formed  on 
Ce-implanted  Ni-Cr  alloys.  This  effect  can  be 


observed  in  the  SIMS  depth  profile  shown  in  Fig.  3. 
This  comes  from  an  oxidation  experiment  carried  out 
at  1100’C.  The  y-axis  indicates  intensities  for  Cr, 
Ni  and  Ce  cations  whereas  the  x  axis  is  proportional 
to  the  depth,  starting  from  the  oxide  scale  surface. 
The  actual  depth  in  angstroms  is  obtained  by 
multiplying  the  depth  number  indicated  on  the  x-axis 
by  50.  The  fact  that  the  cerium  mainly  resides 
within  the  chromium  oxide  scale  suggests  that  the 
scale  predominantly  grows  inward. 

Future  work  involves  carrying  out  more 
oxidation  kinetics  experiments  on  the  Ce-implanted 
samples  to  better  establish  the  temperature 
dependence  of  the  parabolic  rate  constant.  Further, 
detailed  characterization  of  the  cerium-containing 
chromium  oxide  scales  will  be  carried  out  using  SIMS 
and  TEM  techniques.  Bas’d  on  the  results,  a 
mechanistic  interpretation  of  the  cerium  effect  will 
be  attempted. 
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A  MODEL  FOR  STRESS  RELIEF  IN 
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Good  high  temperature  alloys  protect  themselves 
against  oxidation  by  forming  compact,  adherent  oxide 
scales,  but  the  mechanical  integrity  o(  the  oxide  may  be 
threatened  by  the  stresses  generated  by  oxide  growth  and 
during  temperature  excursions.  Temperature  changes 
generate  stresses  because  the  oxide  and  alloy  invariably 
have  different  thermal  expansivities.  Thermally  induced 
stresses  will  be  superimposed  on  any  growth-induced 
stresses,  and  the  net  stress  may  be  sufficient  to  cause 
cracking  and  spalling  of  the  scale.  Some  alloys  have 
good  isothermal  oxidation  resistance  but  suffer  fast 
degradation  owing  to  scale  cracking  and  spalling  during 
thermal  cycling. 

Stresses,  induced  thermally  or  otherwise,  may  be  re¬ 
lieved  in  several  ways,  including  cracking  of  the  scale  and 
creep  of  the  metal  or  oxide.  It  is  well  known  that  some 
metals  creep  under  oxidation-induced  stress.  Stress  relief 
by  creep  of  the  oxide  is  much  less  likely  because  the 
creep  rates  of  oxides  (considering  the  few  data  which  are 
available)  are  generally  much  lower  than  the  creep  rates 
of  the  corresponding  metal  substrates  at  typical  oxidation 
exposure  temperatures. 

In  this  paper  we  describe  a  simple  model  which  con¬ 
siders  the  relief  of  thermally  induced  stresses  by  creep  for 
Cr,  Ni-30Cr  and  MA-754.  all  of  which  form  Cr303  scales 
(For  the  temperatures  and  materials  of  interest  here,  creep 
of  the  oxide  scale  was  considered,  but  was  found  to  be 
trivial.) 

DESCRIPTION  OF  THE  MODEL 

The  model  is  comprised  of  two  elements.  The  first  is  a 
calculation  of  the  stress  generated  in  the  substrate  and  in 
the  oxide  during  temperature  changes.  The  average 
stresses  may  be  calculated  from  a  simple  function  of  the 
thermal  expansion  difference  between  the  oxide  and 
metal.  The  average  stress  in  the  oxide,  Oox.and  the  aver¬ 
age  stress  in  the  metal,  om,  are.  as  proposed  by  Tien  and 
Davidsor. 

E0x  Aa  AT  1 
tm  'm 


Em  Aa  AT  1 
am  ^  £m_  tm_  1-^i 

Eox  t0x 

where  Eox  and  Em  are  the  Young's  modulus  of  the  oxide 
and  metal,  respectively.  The  thermal  expansion  differ¬ 
ence  between  the  metal  and  oxide  is  An  =  «m  •  «ox  ; 
AT  =  Tinjtiai  -  Tfjna|  ,  and  tox  and  tm  are  the  thicknesses 
of  oxide  and  metal,  respectively.  The  Poisson's  ratio,  p.  is 
assumed  equal  to  1/3  for  oxide  and  metal. 

These  expressions  obey  the  condition  for  mechanical 
equilibrium  in  a  body,  i.e.  the  sum  of  the  forces  acting  on  it 
must  be  zen  However,  the  calculated  stresses  are  aver¬ 


age  stresses,  whereas  a  more  detailed  analysis  shows 
that  a  stress  gradient  wili  exist,  especially  in  the  metal 
The  nature  of  the  (elastic)  stress  gradient  in  an  oxide- 
metal  system  has  been  modelled  by  Gerberich  and  Lii  2 
using  a  finite  element  method. 

The  Gerberich  and  Lii  model  was  used  in  the  present 
work  to  replace  an  average  stress  in  the  metal  with  a  dis¬ 
tributed  stress.  This  provides  a  more  realistic  assessment 
of  the  stresses  near  the  metahoxide  interlace.  It  was 
found  that  the  local  stress  at  the  interface  was  about  5 
times  the  average  stress  and  that  the  stress  at  10%  of  the 
substrate  thickness  was  about  3  7  times  the  average 
Since  creep  at  or  near  the  nxide^metal  interface  will  be 
most  important  in  the  relaxation  process,  and  since  the 
creep  rate  is  strongly  dependent  on  the  stress,  this  modifi¬ 
cation  is  quite  significant 

In  the  second  element  of  the  modelling  process,  the 
relaxation  of  the  thermal  stress  is  calculated  using  uni¬ 
axial  creep  data  from  the  literature  for  the  metal  at  the  rel¬ 
evant  temperature  and  stress  The  creep  rate  is  governed 
by  the  following  equations  relating  to  power  law  creep 
and  grain  boundary  diffusion  creep,  respectively: 


d£  /dt  =  Aexp^|||-  f1 


d£  /dt 


42  ail  De» 
kTd2 


d£  /dt  is  the  strain  rate  in  sec’1 ,  A.n  and  fi  are  constants 

C  is  the  stress  in  MPa;  Qv  ‘S  the  activation  energy  for  lat¬ 
tice  diffusion,  and  the  remaining  symbols  have  their  usua 
meanings.  Values  of  these  parameters  for  the  materials  of 
interest  were  obtained  primarily  from  Frost  and  Ashby  3 

To  assess  the  extent  ot  stress  relaxation  which  may 
occur  during  cooling  the  time/temperature  curve  was 
divided  into  0.05  :C  temperature  increments  and.  at  each 
increment,  strain  generation  due  to  the  AT  and  strain 
relaxation  due  to  creep  was  calculated  The  net  suam 
was  accumulated  and  converted  to  stress  via  Hooke’s 
Law.  The  calculations  were  carried  out  with  the  help  of  a 
microcomputer  program 

RESULTS 

The  model  was  used  to  predict  the  behavior  cl  Cr 
Cr203.  Ni-30Cr/  Cr203  and  MA-754:M  Cr303  systems  T‘-e 
three  substrates  are  typical  chromia-formers  during  high 
temperalure  oxidation,  but  they  have  somewhat  ditferer: 
mechanical  properties  .  Act  for  Cr  is  much  less  than  that 
tor  Ni-30Cr  or  MA  754'"  (composition  Ni-  20%^-  0  6~„ 
\203  -  0.5%Ti-  0  3%AI-  0.055.CT;  the  Young's  modulus 
varies  as  E(Cr303)  >  E{Cr)  >  E(Ni-30Cr)  >E(MA754  "i  The 
creep  rates  of  chromium  and  Ni-30Cr  are  quite  sim-iar 
whereas  MA  754IM  has  a  much  lower  creep  rate  m  the 
power  law  region 

The  predicted  relaxation  effect  in  the  Ni-30Cr  Cr-C,, 
system  during  continuous  cooling  from  1273K  is  Shown  r 
Fig.  1,  which  presumes  the  residual  growth  stress  at  the 
start  of  cooling  is  zero  At  a  relatively  slow  coding  >ate 
(corresponding  to  furnace  cooling)  the  oxide  therma 
stress,  which  is  compressive,  is  relaxed  considernb'y 
during  cooling  from  1273  to  320K  by  creep  of  the  Sub 
strate  On  the  other  hand,  relaxation  at  fast  cool.ng  Mies 
may  be  largely  or  completely  suppressed 

Calculations  on  the  three  metals  for  a  given  isiowi 
cooling  rate  illustrate  the  importance  ol  thermal  expansio" 
coefficient  difference,  moduli  and  creep  rale  The  stresses 
during  cooling  are  shown  in  Fig  2  The  difference  n  \,, 


between  Cr  and  the  nickel-base  alloys  is  reflected  in  the 
magnitude  of  the  compressive  stresses  generated  during 
cooling  The  stresses  are  lower  in  the  Cr/  Cr2C>3  system 
and  consequently  the  extent  of  relaxation  is  also  less  (  Cr 
and  Ni-Cr  have  similar  stress  and  temperature 
dependences  for  creep).  The  Ni-30Cr/  Cr203  system 
generates  the  most  stress  of  the  three  during  cooling  be¬ 
cause  of  the  larger  Aa  (also  Efqj-Cr  >  Ema  754lsl)- 
MA  754lw  is  a  highly  creep-resi;,:ur.;  p!!;y  and  exhibits 
little  or  no  relaxation  at  the  stresses  generated  by  these 
cooling  curves. 

DISCUSSION 

The  magnitude  of  the  stresses  generated  during  cool¬ 
ing  suggests  that  creep  in  the  substrate  is  likely  in  many 
systems.  Our  calculations  show  that,  under  certain  con¬ 
ditions,  substantial  relaxation  of  the  stress  in  the  oxide  will 
be  likely.  Several  factors  are  important.  Firstly,  large 
thermal  stresses  are  primarily  the  result  of  large  differ¬ 
ences  in  thermal  expansion  coefficients  of  the  oxide  scale 
and  the  metal.  Since  am  is  generally  greater  than  uox 
the  sign  of  the  stress  is  dependent  on  the  sign  of  AT 
Typically,  upon  cooling,  a  compressive  stress  is  gener¬ 
ated  m  the  oxide  and  a  tensile  stress  in  the  metal.  This  is 
an  important  consideration  since  the  tensile  fracture 
strength  of  oxides  is  much  less  than  their  compressive 
fracture  strength.  Secondly,  the  ratio  of  metal  thickness  to 
oxide  thickness  (R)  and  material  properties  (E0*  and  Em) 
also  affects  the  magnitude  and  distribution  of  stresses 
Thirdly,  stresses  increase  as  AT  (cooling)  increases,  but 
stress  relaxation  decreases  as  rate  of  cooling  increases 
because  creep  is  a  lime  dependent  process. 

The  creep  rate  of  the  metal  is  a  strong  function  of  stress 
and  temperature.  Thus,  the  stresses  in  an  oxide  -  metal 
system,  which  are  undergoing  relaxation  on  cooling,  are  a 
complicated  function  of  both  the  absolute  temperature  and 
the  rate  of  change  of  temperature.  Thus,  for  comparable 
A  u's  and  equal  fracture  strengths  of  the  scales,  the 
material  having  the  slowest  creep  rate,  eg.  MA  7541'1. 
would  be  expected  to  be  more  prone  to  fracture  during 
temperature  changes  than  the  same  oxide  on  a  more 
plastic  substrate. 
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Fig  1  Calculated  stresses  in  the  oxide  scale  for  Ni- 
30Cr/Cr2O3  during  cooling  at  various  rates  from 
1273K.  showing  the  effect  of  substrate  creep 
(based  on  om  at  the  metal/scale  interface;  ratio  of 
metal-to-oxide  thickness  =  100), 


Creep  Relaxation 


Fig.  2  Calculated  stresses  in  the  oxide  scale  tor  the  sys¬ 
tems  Cr/Cr20  3,  Ni-30CrCr2O3  and 
MA754rv*/Cr203  during  furnace  cooling  from 
1273K  (based  on  am  at  the  metal 'scale  interface, 
ratio  of  metal-to-oxide  thickness  =  100) 
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Role  of  Oxygen  Supply  in  High  Temperature 
Growing  of  Compact  Oxide  Scale 


Therefore,  the  oxidation  rate,  dn  / d  t ,  is 
given  by  the  equation: 


D •  Goz z i ,  M.  Tome  11  ini  ,  G.  Carnevale,  P.L. 
Cignini+  and  L.  Pe truce? 

Di par ti mento  di  Chimica,  Universita*  "La 
Sapienza" 

P.le  Aldo  Moro  5-00185  Roma,  ITALY 


In  a  research  program  on  the  study  of  high 
temperature  oxidation  of  metals  at  very  i ow 
oxygen  partial  pressures  (1-5),  it  was 
investigated  the  role  of  the  oxygen  supply 
at  the  metal  surface  in  such  a  way  as  to 
change  the  rate  limiting  step  of  the 
oxidation  process. 

An  experimental  apparatus  based  on  the 
coupling  of  two  zirronia  electrolyte  cells 
was  used  to  do  this.  Two  close  one  end  and 
flat  yttria  stabilized  zirconia  tubes  were 
assembled  concentrically  in  such  a  way  as  a 
small  allumina  mi  croc hamber  were  housed 
between  the  close  ends.  Sample  under  study 
was  located  inside  the  microchamber  between 
the  outermost  and  innermost  flat  ends  of  the 
electrolyte  tubes.  Both  the  electrolyte 
tubes  was  with  8  mass  per  cent  of  yttria 
stabilizing  zirconia.  Electrodes  of  both  the 
cell  were  made  of  porous  platinum  according 
to  the  standard  p.ocedure.  The  outermost 
tube  acted  as  an  oxygen  pump  which 
transferred  oxygen  onto  the  microchamber 
when  an  electric  current  was  applied  to  the 
electrodes  making  positive  the 
mi crochamber- s i de  electrode.  The  system  was 
initially  filled  with  high  purified  argon 
w  i  t  h  _  f  g  oxygen  partial  pressure  less  than 
I  x 1 0”  Pa.  The  outer  atmosphere  of  the 
oxygen  pump  was  oxygen  at  1 0 i .325  VPa.  The 
innermost  tube  worked  as  oxygen  sensor  with 
pure  oxygen  as  reference  oxygen  pressure, 

pr  ' 

Tne  reaction  rate,  J  ,  was  derived  through 
a  mass  balance  betweeft  the  generated 
electrochemical  oxygen,  J.  ,  and  rate  of 
Change  of  the  oxygen  partial  pressure, 
p; 0?  , ,  in  the  mi c rochambe r ,  as  follows: 

Jinsel  -  jo„ss) 

where  V,  5  ,  ,  S  are,  respectively,  the 
volume  of  ^ne  microchamber,  the  area  of  the 
electrode  surface  and  area  of  the  sample 
surface. 

In  a  constant  current  experiment,  ,j.  is 
constant  according  to  the  faraday  liw 
supposing  the  ionic  transport  number  of  the 
pump  e'-ectrol/te  independent  of  the  oxygen 
partial  pressure.  The  left  side  term  in 
equation  ’  was  measured  by  the  e  .  m  .  f  .  ,  [.  ,  <>t 
the  " x y gen  sensor: 

d  p  0  ,  d  1.  AFpf/RT)»dE'dt1  exp,  -  4r  E/RTi 


*.  *  '  t  t  *;•  d  j  h  i  m  ’  c  a  ,  lJ  m  v  e  r  s  i  t  a  '  d  e  1  i  a 
v.  \ '  ’  1  1  >.  a  t.  a  ,  P  o  t  e  r  i  a  ,  Italy 
e  r  ’  n  n  i  '  r  n  n  ti  i  f  a  n  ;  a  r  *»  i  m  ?  i  <*  a  1  1  e  A  ■  t  e 
’  e-qjp  r  a  t  t  e  ,  7.  NR-c'o  D 1  pa  r  1 1  men  to  qi 
C  n  ’  m  >  -  a  ,  •;  n  1  ■,  e  r  i  t  a  ‘  "La  S  a  p  1  e  n  y  a  " 


d  n  / d  t  =  [  I  /  4  F  )  +  ;;«FVpr/{RTi2l  < d  E  < d  t  i  x 
ex  pf  -  4F  E./RT  )  !3J 

where  the  ail  the  right  term  quantities  are 
experimentally  determined. 

In  the  case  of  copper  oxidation,  we  applied 
a  current  density  to  the  oxygen  pump 
according  to  the  inequality: 

J  •  n  <  Ju(  t )  14! 

in  w 

where  J  (  t  j  is  the  calculated  oxygen  demand 
as  given  by  Wagner's  theory  ( 6 -  3  i  .  The 
inequality  is  satisfied  for  all  times 
shorter  than  the  experimental  lengtn.  At 
1113  K  and  10  mA  car  re spon d ? ng  to  J.  = 
1.3x10"  moles. cm"  .  s’  ,  the  scale  thickness 
is  linear  with  time  as  follow: 

-  4  -  7 

x.cm)  =  1-5x10  *  1.6x10  t ( s ,  1 5 ; 

In  these  experimental  conditions  of  p  0,  > 
and  T,  J  { t )  is  about  ten  times  iarger  f  r  a  r 
J-.  Due  to  this,  the  rate  limiting  step  of 
tne  oxidation  process  cannot  be  the 
transport  in  the  growing  scale  but  the 
oxygen  supply  at  sample  surface. 

I  r.  the  light  of  these  findings,  it  will  be 
discussed  the  role  cf  the  rate  limiting 
as  possible  modifying  parameter  in  tne  s  c  a  ‘  e 
morpiiology  and  adhesion  to  the  metal 
subs  tra  te  . 
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TRANSITION-METAL  SILICIDE/ 

REFRACTORY  CERAMIC  INTERACTIONS 

P.  J.  Meschter,  R.  J.  Lederich,  and  J.  E.  O'Neal 


McDonnell  Douglas  Research  Laboratories 
P.  0.  Box  516 
St.  Louis,  MO  63166 


Croup  IVA,  VA,  and  VIA  transition-metal  silicides 
are  attractive  high-temperature  materials  owing  to 
their  low  densities  and  high  melting  or  transition 
temperatures  relative  to  those  of  other  candidate 
inte metallic  compounds  (Figure  1).  The  silicides 
labeled  in  Figure  1  were  selected  for  further  assess¬ 
ment  according  to  their  crystal  structures,  oxidation 
resistances,  high-temperature  mechanical  properties, 
and  thermal  expansion  compatibilities  with  refractory 
compounds  such  as  SiC,  B,  AI2O3,  and  TiB2-  The  com¬ 
pounds  TijS^,  ZrjS^,  ZrjSi^,  and  MoSi2  were  selected 
for  research  on  thermodynamic  compatibility  with 
refractory  ceramic  ip.-r trials  at  1000-I600PC  based  on 
this  assessment.  The  compound  TijSij  is  especially 
interesting  owing  to  its  low  density  (A. 36  g»cm-^), 
while  MoSi2  is  oxidation-resistant  and  exhibits 
appreciable  plastic  flow  above  925°C  [1]. 

Evaluation  of  silicide/ ref rectory  ceramic  thermo¬ 
dynamic  compatibility  requires  knowledge  of  the  rele¬ 
vant  ternary  and  quaternary  phase  diagrams,  e.g.,  Ti- 
Si-C,  Ti-Si-B,  Ti-Si-Al-0,  etc.,  over  the  temperature 
range  of  interest.  Since  most  of  these  diagrams  have 
not  been  determined  experimentally,  compatibility  pre¬ 
dictions  have  been  made  using  multicomponent  phase 
diagrams  calculated  from  coupled  phase  diagram  and 
thermodynamic  information  for  the  bounding  binary 
systems.  These  diagrams  assume  no  solubilities  of  the 


Fig.  1  Melting  temperatures  and  densities  of  refractory 
intermetaliic  compounds. 


third  and  fourth  components  in  binary  Intermetaliic 
compounds  and  ignore  ternary  and  quaternary  phases. 

The  diagrams  are  usually  sufficiently  accurate  to 
indicate  which  silicide/ref ractory  ceramic  combina¬ 
tions  are  not  stable. 

The  Tl-Si-C,  Ti-Si-B,  M o-Si-C,  and  Mo-Si-B  phase 
diagrams  have  been  calculated  at  1000,  1300,  and 
1600°C  using  coupled  thermodynamic  and  phase  diagram 
data  compiled  by  Kaufman  et  al.  [2]  and  Murray  [3]. 
Comparison  of  the  calculated  and  measured  [A]  Ti-Si-C 
phase  diagrams  (Figures  2a,  2b)  shows  modest  agreement 
owing  to  C  solubility  in  TicSi3  and  the  existence  of  a 
ternary  compound.  However,  both  diagrams  show  that 
Ti^Sl^  and  SiC  are  thermodynamically  incompatible 
owing  to  the  high  stability  of  “TiC" .  Calculated  and 
experimental  [5]  Mo-Si-C  diagrams  (Figures  3a,  3b)  are 
similar  except  for  the  presence  of  a  ternary  compound 
Mo5Si3C.  The  compounds  MoSi2  and  SiC  are  in  thermo¬ 
dynamic  equilibrium  In  both  diagrams.  The  calculated 
Mo-Si-C  diagram  at  1600°C  shows  that  formation  of  a 
Si-rich  liquid  at  the  MoS^/SiC  interface  can  be 
avoided  by  keeping  the  MoSi2  slightly  Mo-rich.  Calcu¬ 
lation  of  the  Ti-Si-B  and  Mo-Si-B  diagrams,  for  which 
no  experimental  evidence  exists,  shows  that  the  pairs 
TijS^/B  and  M0SI2/B  are  unstable  owing  to  the  thermo¬ 
dynamic  stabilities  of  the  corresponding  transition- 
metal  borides,  although  TijSij  and  HB2  may  be  compat¬ 
ible.  These  calculations  have  been  extended  to 
include  ZrjS^  and  ZrjSi^  as  the  silicides  and  AI2O3 
as  the  refractory  ceramic. 

The  interactions  of  Ti^Sl^  and  MoSi2  with  B,  SiC, 
and  AI2O3  fibers  have  been  investigated  experimental¬ 
ly.  Bundles  of  the  fibers  were  packed  with  silicide 
powders  in  Nb  alloy  tubes  and  hot  isostatically 
pressed  at  1600°C.  The  combinations  TijS^/B, 

MoSi2/B,  and  Ti^Si^/SiC  reacted  strongly,  while 
MoSi2/SiC,  MoSi2^Al2®3»  an<*  Ti5Si3/Al2C>3  were  rela¬ 
tively  stable,  in  accord  with  calculations.  The 
combinations  which  were  stable  after  hot  isostatic 
pressing  were  annealed  at  1200°C  for  times  up  to 
500  h.  Interaction-zone  thicknesses  were  measured  as 
a  function  of  time,  and  the  compositions  of  reaction 
products  were  determined  using  energy-dispersive  x-ray 
analysis  and  scanning  Auger  microscopy.  Possible 
kinetic  mechanisms  and  rate- limit ing  steps  of  the 
silicide/ref ractory  ceramic  interactions  have  been 
identified.  The  study  has  been  extended  to  include 
the  Zr  silicides,  and  TIB2  as  a  refractory  ceramic. 

This  research  was  supported  by  the  McDonnell 
Douglas  Corp.  Independent  Research  and  Development 
program. 
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Future  high-temperature  titanium  alloys  will 
probably  derive  their  elevated-temperature  strength 
from  ceramic  reinforcements.  Extensive  reaction 
between  the  titanium  alloys  and  the  ceramics  can  sig¬ 
nificantly  degrade  the  mechanical  properties  of  the 
ensemble;  therefore,  it  is  important  to  investigate 
the  characteristics  of  these  reactions. 

The  titanium  alloys  used  in  this  study  were 
rapidly  solidified  powders  of  0-Ti,  02“^!*  7_Ti,  and 
Ti.  The  ceramic  materials  were  carbon-coated  SIC 
filaments  and  uncoated  B  filaments  grown  on  tungsten 
wires.  Small  test  samples  were  fabricated  by  encap¬ 
sulating  the  titanium  alloy  powders  with  the  SiC  or  B 
filaments  in  6 . 35-mm-diameter  titanium  tubes  and  com¬ 
pacting  by  hot  isostatic  pressing  (HIPing)  to  full 
density.  Three-millimeter-thick  disks  were  then  cut 
from  the  HIPed  tubes,  encapsulated  in  vacuum  in  quartz 
ampoules,  and  annealed  at  900,  1000,  and  1100oC  for 
20,  60,  100,  200,  and  300  hours.  The  extent  and  mor¬ 
phology  of  the  reaction  zones  were  investigated  by 
optical  microscopy  and  scanning  electron  microscopy 
(SEM).  The  compositions  of  these  zones  were  deter¬ 
mined  by  energy  dispersive  x-ray  (EDX)  analysis  and 
scanning  Auger  microscopy  (SAM).  Calculations  of  the 
thermodynamically  stable  phases  in  the  Ti-Al-B  and  Ti- 
Al-Si-C  systems  were  performed  to  explain  the  observed 
results . 

Reaction-zone  growth  in  the  SiC-  and  B-containing 
materials  was  diffusion-controlled.  Zone  thickness 
increased  linearly  with  the  square  root  of  exposure 
time  at  a  given  temperature  [1-4].  Representative  re¬ 
sults  are  shown  in  Fig.  1.  Alpha-Ti  showed  the  great¬ 
est  reaction  with  SiC,  while  TijAl  and  fi-TL  showed  the 
least.  The  reaction  zone  compositions  were  primarily 
TiC,  along  with  T^Sij,  possibly  Ti3SiC2  [3],  and  an 
as  yet  undetermined  titanium-aluminum-carbide.  With 
the  B-containing  specimens,  a-Ti  reacted  the  most  and 
TiAl  the  least.  The  reaction  zones  were  probably  TiB2 
or  TiB.  These  reactions  were  overshadowed  by  dissolu¬ 
tion  o £  the  B  material.  Calculations  of  the  Ti-Al-B 
phase  diagram  at  1000®C  revealed  the  presence  of  an 
Al-rich  liquid  phase  which  may  account  for  the  ob¬ 
served  dissolution.  Activation  energies  for  the 
reactions  in  the  SiC-  and  B-containing  materials  were 
also  determined  and  compared  to  similar  studies  (1-3). 


♦This  research  was  conducted  under  the  McDonnell 
Douglas  Independent  Research  and  Development  program. 
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Continuous  fiber-reinforced  intermetallic 
matrix  composites  are  being  considered  s 
potential  high  temperature  materials.  For 
applications  requiring  temperatures  in  the 
range  of  1350  -  1650  K,  systems  based  on  3’ 
phase  NiAl  appear  to  be  attractive.  One  of 
the  prime  requirements  in  the  selection  of 
a  suitable  fiber-reinforcement  material  is 
that  the  fiber  must  be  chemically  compatible 
with  the  matrix.  This  paper  describes  the 
results  of  thermodynamic  calculations  on  the 
compatibility  of  several  reinforcement 
materials  in  the  3'  phase  NiAl  with  A1 
concentrations  ranging  from  40  to  50  a/o. 

All  the  thermodynamic  calculations  were  made 
at  two  temperatures,  1373  and  1573  K.  The 
reiforcement  materials  considered  in  this 
study  include  carbides,  nitrides,  borides, 
oxides,  silicides,  and  Be-rich  intermetallic 
compounds.  Altogether,  15  carbides,  18 
oxides,  13  borides,  10  nitrides,  22 
silicides,  and  5  Be-rich  intermetallic 
compounds  were  exmined  for  compatibility 
with  NiAl. 

The  compatibility  of  reinforcemrnt  materials 
with  the  NiAl  matrix  depends  on  the 
activities  of  Ni  and  Al  in  the  NiAl  phase. 
The  aluminium  activity  data  in  NiAl  phase, 
determined  by  Steiner  and  Komarek  (ref.  1) 
at  temperatures  around  1273  K,  show  large 
degree  of  experimental  scatter.  Steiner  and 
Komarek’ s  data  on  Al  activity  were  optimized 
and  analyzed  in  accordance  with  the  defect 
structure  of  NiAl.  Based  on  the  defect  model 
for  NiAl  and  partial  moalar  enthalpy  data 
for  Al,  mathematical  expressions  were 
derived  for  the  activity  of  Al  as  a  function 
of  composition  and  temperature.  The  activity 
of  Ni  was  obtained  by  Gibbs-Duhem 
integration.  The  activities  of  Ni  and  Al 
change  by  more  than  an  order  of  magnitude 
over  the  concentration  range  48  -  52  a/o  Al, 
which  makes  the  compatibility  of  a  few 
reinforcement  materials  very  sensitive  to 
small  change  in  composition  in  the  vicinity 
of  50  a/o  Al.  Several  examples  will  be  given 
to  demonstrate  this. 

A  list  of  reinforcement  materials  that 
appear  to  be  compatible  with  the  NiAl  phase 
with  concentrations  ranging  from  40  -  50 
a/o  Al  is  shown  in  Table  I.  There  are  also 
a  few  oxides  and  silicides  (not  shown  in 
Table  I)  which  might  be  compatible  if 
limited  dissolution/reaction  of  the 
reinforcement  material  would  not  affect  the 
overall  performance  of  the  composite. 

Indeed,  limited  reaction  may  be  desirable 
for  effective  bonding  between  the  matrix 
and  the  fiber.  Among  the  reinforcement 
materials  that  appear  to  be  compatible  with 
the  NiAl  phase,  the  coefficient  of  thermal 


expansion  of  only  a  few  match  closely  with 
that  of  NiAl  thus  severely  restricting  the 
choice  of  potential  reinforcement  materials, 
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TABLE  I 

Reinforcement  Materials 
Compatible  with  3'  NiAl 


Carbides 

Oxides 

Borides 

Nitrides 

HfC 

MgO 

Hf  B2 

HfN 

ZrC 

y2o3 

ZrB2 

ZrN 

TiC 

sc203 

TiB2 

TiN 

TaC 

La203 

vb2 

AIN 

NbC 

Hf02 

v?b3 

Ta2c 

CaO 

Tib 

VC 

BeO 

Nb2C 

CaZr03 

A14C3 

ai2o3 

CaO. A1203 
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Intermetallic  alloy  matrix  composites  are  under  intensive 
development  for  various  high-temperature  applications.  Particu¬ 
lar  interest  has  been  focused  on  nickel,  titanium  and  niobium 
aluminides  as  matrix  materials  for  fiber-  and  particulate- 
reinforced  composites.  The  aluminides  have  high  strength  and 
stiffness  retention  at  elevated  temperature  combined  with  excel¬ 
lent  oxidation  resistance.  They  also  have  higher  ductility  than 
ceramics,  higher  melting  points  and  lower  densities  than  superal¬ 
loys.  The  incorporation  of  high  strength  and  stiffness  reinforce¬ 
ments  can  further  improve  the  mechanical  properties,  creep  resis¬ 
tance  and  reduce  the  densities  of  the  aluminides.  These  novel 
composites  can  replace  superalloys  with  superior  performance. 

However,  the  excessive  chemical  interaction  between  reinforce¬ 
ment  and  matrix  induced  from  composite  fabrication  and  high- 
temperature  service  environemnt  is  one  of  the  majci  factors 

limiting  the  successful  application  of  the  composites.  It  is  thus 
necessary  to  understand  the  chemical  compatibility  of  various 
reinforcements  with  the  intermetallic  alloy  matrices.  In  this 
paper,  the  chemical  interactions  of  SiC  with  both  Ti-Al  and  Nb- 
Al  alloys  will  be  discussed.  The  microstructure  and  chemical 
compositions  of  the  reaction  zone  have  been  characterized  by 
analytical  electron  microscopy  and  electron  microprobe  analysis. 

The  interace  reaction  kinetics  and  its  dependence  on  the  tempera¬ 
ture,  environment  and  the  structural  characteristics  of  the  materi¬ 
als  will  also  be  presented.  Finally,  optimum  interface  chemistry 
and  optimum  processing  conditions,  which  will  produce  the  best 
combination  of  integrity  and  compatibility  of  SiC  fibers  in  Ti-Al 
and  Nb-Al  matrix  composites,  will  also  be  discussed. 


1.  P.M.  Brindley,  SiC  Reinforced  Aluminide  Composites  in 
High  Temperature  Ordered  Intermetallic  Alloy  II,  MRS, 
1986. 

2.  J.-M.  Yang,  W.H.  Kao  and  C.T.  Liu,  Recent  Development 
in  Nickel  Aluminide  Matrix  Composites  in  Interfacial 
Phenomena  in  Composites:  Processing,  Characteriza¬ 
tion  and  Mechanical  Properties,  1988. 

3.  B.  Moore,  A.  Bose,  R.M.  German  and  N.S.  Stoloff,  Prel¬ 
iminary  Investigations  on  Alumina  Fiber  Reinforced 
NijAl  Matrix  Composites ,  in  High  Temperature/High 
Performance  Composites,  MRS,  1988. 

4.  D.L.  Anton,  High  Temperature  Intermetallic  Composites: 

Why?  How?  And  How  Much?,  in  High 
Temperature/High  Performance  Composites,  MSR, 
1988. 


Abstract  No.  539 


The  Oxidation  of  Chemical ly-Vapor- 
Deposited  Silicon  Carbide 

Jeffrey  W.  Fergus  and  Wayne  L.  Worrell 
Department  of  Materials  science 
and  Engineering 
University  of  Pennsylvania 
Philadelphia,  PA,  19104 


Silicon  carbide  is  an  attractive 
oxidation-resistant  coating  on  carbon, 
because  it  is  chemically  compatible  with 
carbon  and  forms  a  protective  silica  layer 
in  oxidizing  atmospheres  at  high 
temperatures.  High  purity  silicon-carbide 
coatings  can  be  applied  on  carbon 
substrates  by  chemical  vapor  deposition 
(CVD) . 

Previous  investigators  .'f  the 
oxidation  behavior  of  silicon  carbide  have 
used  hot-pressed  or  sintered 
polycrysalline  silicon  carbide  and  single¬ 
crystal  silicon  carbide  grown  by  the 
Acheson  Process.  Additive  elements  are 
used  as  sintering  aids  for  hot-pressed  or 
sintered  silicon  carbide  and  for  the 
growth  of  silicon  carbide  single  crystals. 
These  previous  studies  show  that  the 
oxidation  rate  of  silicon  carbide 
increases  with  increasing  concentration  of 
additive  elements  due  to  an  increase  in 
the  oxygen  transport  rate  through  the 
silica  scale.  CVD  silicon  carbide  is  of 
higher  purity  than  the  silicon  carbide 
used  in  previous  studies.  Therefore,  a 
higher  purity  silica  scale  should  form, 
and  the  oxidation  rate  of  the  silicon 
carbide  should  be  lower. 


The  first  CVD  silicon-carbide 
coatings  investigated  in  this  study  are 
stoichiometric  ones.  An  important 
variable  in  the  CVD  of  silicon  carbide  is 
stoichiometry.  The  stoichiometry  of  the 
silicon  carbide  establishes  t  e 
equilibrium  oxygen  potential  at  the 
silicon  carbide-silica  interface,  which  in 
turn  affects  the  oxidation  resistance  of 
the  silica  scale.  The  products  of  the 
oxidizing  reaction  are  also  affected  by 
the  stoichiometry.  For  example,  carbon- 
excess  silicon  carbide  produces  a  higher 
carbon-monoxide  gas  pressure  at  the 
silicon  carbide-silica  interface  than 
stoichiometric  silicon  carbide.  silicon- 
excess  silicon  carbide  oxidizes  to  form 
silica  and  carbon-monoxide  at  a  much  lower 
oxygen  pressure. 

To  understand  the  oxidation  kinetics 
of  silicon-carbide  coatings  on  graphite, 
the  oxidation  kinetics  of  CVD  silicon 
carbide  must  first  be  determined.  Our  CVD 
silicon-carbide  samples  have  been  prepared 
by  selective  oxidation  of  the  graphite 
substrate  under  a  CVD  silicon-carbide 
coating.  The  oxidation  kinetics  of  CVD 
silicon-carbide  samples  have  been  measured 
using  thermograv imetr ic  analysis  and 
interrupted  weight-gain  experiments  at 
temperatures  between  1400  C  and  1600  C. 
The  oxidation  results  are  compared  with 
results  with  CVD  silicon-carbide  coatings 
on  graphite  to  determine  the  effect  of  the 
graphite  substrate  on  the  oxidation 
behavior  of  the  silicon-carbide  coating. 

This  research  has  been  supported  by 
the  Naval  Air  Development  Center  in 
Warminster,  PA. 
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Mixed -conducting  oxides  in  which  both  oxygen- ions 
and  electrons  are  mobile  have  attractive  applications 
as  electrode,  membrane  and  sensor  materials.  One 
potential  application  is  an  oxide  electrode  in  the 
sotid-oxide  fuel  ****17.  Advantages  of  a  mixed- 
conducting.  oxide  electrode  over  the  currently  used 
electrodes  include  decreased  polarization  and 
efficiency  losses,  chemical  and  mechanical 
compatibility  with  the  oxide  electrolyte  and 
elimination  of  the  necessity  to  fabricate  ana  maintain 
complicated,  porous  electrode  structures. 

Past  efforts  to  synthesize  mixed-conducting 
oxides  with  acceptable  conductivities  over  useful 
ranges  of  temperature  and  oxygen  pressure  have  been 
unsuccessful.  For  example,  transition-metal  (iron, 
magnesium,  cobalt)  oxides  have  been  dissolved  in 
zirconia-based  oxides,  but  they  have  very  limited 
solid  solubility.  Mixed-conducting  zirconia-ceria- 
yttria  oxide  solutions  have  also  been  prepared. 
Unfortunately,  acceptable  values  for  mixed- 
conductivity  are  obtained  only  at  very  high 
temperatures  (1500-1700  CO  and  are  a  strong  function 
of  both  temperature  and  oxygen  pressure. 

The  electrical  properties  and  applications  of  new 
mixed-conducting,  zirconia-based  oxides  are  summarized 
in  this  lecture.  The  electrical  properties  have  been 
determined  using  impedance  spectroscopy  at 
temperatures  between  400  and  950°C.  Knowledge  of  the 
electrical  properties  is  necessary  not  only  for  an 
understanding  of  mixed-conduction  mechanisms  but  also 
for  the  quantitative  evaluation  of  the  potential 
applications  of  these  oxides. 

New  ternarv-oxide  *t«I v.tions  containing  12  mole 
percent  yttria  and  titania  with  concentrations  between 
zero  and  thirty  mole  percent  have  been  synthesized. 

The  molar  percentage  of  yttria  is  kept  constant  to 
maintain  a  constant  concentration  of  oxygen  vacancies. 
The  variation  of  the  lattice  parameter  for  these 
ternary- oxide  solutions  with  titania  concentration  has 
been  precisely  determined  using  X-ray  diffraction. 

The  lattice  parameter  decreases  with  increasing 
titania  concentration  up  to  15  mole  percent  and  is 
constant  at  higher  titania  Concentrations.  The 
single-phase,  fluorite  structure  is  retained  when  thp 
titania  concentration  is  less  than  15  mole  percent, 
and  a  second  phase  is  present  at  higher  titania 
concentrations.  The  observed  decrease  in  lattice 
parameter  with  increasing  titania  concentration  and 
the  absence  of  porosity  in  the  oxide  solutions 
indicate  that  titanium  cations  substitute  for 
zirconium  cations  in  the  fluorite  lattice. 

The  lattice,  grain-boundary,  and  total  electrical 
conductivities  of  yttria  (12  mole  ft) -stabilized 
zirconia  without  titania  have  been  determined  using 
impedange  spectroscopy  at  temperatures  between  400°C 
and  950  C  in  air.  The  excellent  agreement  with 
previous  results  indicates  the  high  quality  of  our 
polycrystalline  samples  and  the  reliability  of  our 
experimental  technique.  Electrical -conduct! vity 
measurements  of  zi rconia - t itania -yttria  oxide 
solutions  indicate  that  the  oxygen- ion  conductivity  in 
the  lattice  does  not  vary  significantly  with 
incorporation  of  titania  into  yttria-stabilized 
zirconia.  However,  the  observed  increase  in  grain¬ 
boundary  conductivity  with  increasing  titania 
concentration  indicates  an  increase  in  electronic 
conductivity  at  the  grain-boundaries,  presumably  due 
to  the  segregation  of  Til  t0  the  gra in -boundary 
region.  The  electrical  conductivity  of  yttria 
(12  mole  ft) -stabilized  zirconia  containing  one,  and 
five  mole  percent  titania  is  independent  of  oxygen 
pressure 
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Luminescent  materials  have  quite  a  history. 
Nevertheless  new  materials  become  available  frequently 
and  often  form  an  important  break-through  [lj.  In  this 
lecture  we  want  to  review  some  of  the  new  luminescent 
materials  which  came  into  focus  recently.  Their  appli¬ 
cation  is  in  completely  different  fields.  However, 
also  their  physics  is  different  as  we  will  see.  The 
materials  of  this  lecture  will  be  lamp  phosphors  based 
on  gadolinium  compounds,  X-ray  storage  phosphors  using 
Eu^+  as  an  activator,  and  scintillator  crystals  for 
several  applications. 

Phosphors  based  on  gadolinium  -oropounds  are 
promising  materials  because  they  offer  ovei  SC  /,  ab¬ 
sorption  and  quantum  efficiency.  The  luminescence 
processes  in  such  luminescent  materials  consist  of 
three  steps,  viz.: 

a.  Sensitization.  This  can  be  achieved  by  using  the 
ions  Ce^f,  Bi-**,  Pb^+  or  Pr-*4-.  Successful  sensitiza¬ 
tion  requires  specific  spectral  properties  which  can 
be  imposed  by  the  host  lattice  [2]. 

b.  Migration  in  the  Gd^4-  sublattice.  This  process  re¬ 
quires  a  shortest  Gd-Gd  distance  in  the  lattice  of 
about  5  A  or  less  (3). 

c.  Trapping  by  a  suitable  activator.  The  trapping  rate 
is  reasonably  well  understood  and  depends  on  the  in¬ 
teraction  strength  between  the  Cd^  ion  and  the  acti¬ 
vator  and  their  energy  mismatch  [4].  It  will  become 
clear  that  not  every  ion  is  suitable  as  an  activator 
In  gadolinium  compounds. 

The  rates  of  the  several  processes  will  be  dis¬ 
cussed.  They  can  be  determined  by  varying  the  chemical 
composition  of  the  luminescent  material  and  by  advan¬ 
ced  laser  spectroscopy. 

Excellent  X-ray  storage  phosphors  are  nowadays 
known,  the  champion  being  BaFBr:Eu^+.  Their  perfor¬ 
mance  is  based  on  the  presence  of  electron  and  hole 
traps  in  the  lattice.  In  case  of  BaFBr  these  are 
bromine  vacancies  and  Eu2+  ions,  respectively.  The 
electron  traps  can  be  emptied  by  laser  excitation  (5]. 

The  use  of  12000  crystals  of  Bi^Ge}©^  at  CERN 
(Geneva)  has  drawn  attention  again  to  scintillator 
crystals.  The  physics  of  the  luminescence  of  Bi^GejO^ 
is  nowadays  known.  In  contradiction  to  early  propo¬ 
sals,  this  luminescence  is  not  of  the  semiconductor 
type.  Although  at  first  sight  surprising,  this  lumi¬ 
nescence  is  very  similar  to  that  of  CaWO^.  This  calls 
attention  to  the  relaxation  of  strongly-coupled  ex¬ 
cited  states,  i.e.  to  the  configurational  coordinate 
model  of  broad-band  emitters  [I].  After  many  years 
considerable  progress  in  this  field  can  now  be  re¬ 
ported  . 


Recently  Bap2  crystals  have  been  proposed  as  a 
scintillator  material  for  the  detection  of  gamma  rays 
f6j.  These  crystals  show  an  emission  at  220  nm  with  a 
very  short  decay  time,  viz.  600  ps.  This  short  time 
offers  the  possibility  of  a  good  time  resolution.  The 
emission  is  due  to  an  intrinsic  process,  viz.  a  cross¬ 
over  transition:  an  electron  jumps  from  the  F"  ion  (2p 
orbital)  to  the  hole  in  the  5p  orbital  of  Ba^+.  This 
final  example  shows  that  new  developments  in  the  ap¬ 
plication  of  luminescent  materials  and  new  physical 
models  have  not  come  to  an  end. 
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Donor-acceptor  pair  (DAP)  luminescence  is  a  powerful 
technique  for  impurity  characterization.  It  can  be 
used  to  determine  impurity  energies,  radii, 
transition  probabilities,  and  the  relative  lattice 
positions  of  the  donor  and  acceptor.  Recent  work 
has  used  it  for  extensive  characterization  of 
ZnSe.  Moreover,  we  have  used  a  novel  approach  to 
extend  it  (3)  to  obtain  relative  DAP  transition 
probabilities  in  cases  where  there  are  separate  DAP 
bands  from  two  different  donors  (or  acceptors).  The 
present  paper  includes  a  systematic  review  of  the 
technique  and  of  its  application  to  ZnSe.  Moreover, 
the  ZnSe  analysis  led  to  two  important  and  novel 
results,  which  will  be  emphasized.  One  relates  to 
differences  in  transition  rates  between  interstitial 
and  substitutional  donors,  indicating  that  the 
interstitial*  act  as  "killers".  The  second  is  that 
relative  donor  energies  and  radii  cannot  be 
understood  within  the  framework  of  effective  mass 
theory. 

In  DAP  luminescence,  the-  emitted  frequency  depends  on 
the  spatial  separation  between  the  donor*  and  its 
nearest  neighbor  acceptor.  Due  to  discrete 

positions  of  impurities  In  a  lattice,  there  thus  is  a 
.spread  in  t  h-  emitted  frequencies.  In  practice  there 
are  two  separate  frequency  ranges  which  can  yield 
us-ful  information.  On-  of  these  is  du*-  to  clos- 
ptlrs,  where  the  energy  difference  -is  a  function  of 
distance  Is  large,  resulting  ir.  distinct  pair  lines. 
The  second  is  du*1  to  more  distant  p-» i rs ,  wh-re  the 
energy  separation  is  small  (i.e.  no  discrete  15n*s), 
but  where  one  obtains  a  maximum  ir.  emitted  intensity 
du*  to  a  trade-off  between  an  increase  in  the  number 
of  available  sites  vs.  a  decrease  in  the  transition 
probability  with  increasing  separation.  Th«  latter 
range  is  generally  studied  in  terms  of  variations 
with  respect  to  some  experimental  param-t-r ,  such  as 
intensity  or  frequency  of  excitation  or  time 
dependence.  Emphasis  here  will  be  on  similarities  and 
differences  between  these  two  rang- s  in  terms  of 
information  which  can  be  obtained,  is  w-n  as  in 
regard  to  the  approximations  usually  e«ipl  oy*.-J.  it  car. 
be  noted  tr.at  relative  lattice  location  can  be 
obtained  on]  y  from  th-  distinct  pair  lines,  but  that 
energies  and  radii  can  be  obtained  from  either  range. 
Absolute  transition  probabilities  r*quir>  studies  of 
th-  time  dependence,  but  useful  information  on 
relative  rates  can  also  b--  obtained  by  oth-r  means, 
in  will  be  discussed. 

r  or  the  applications  to  Znh*;,  I  shill  summarize 
r-'Suit'int  inform  it  ion  an  impurity  er.-rgi -,-s ,  radii, 
transl  ti  ■-■n  rates,  and  li'.ti'*--  lr»«-  itivi..  Analysis  of 
pair  lit.*1-.,  has  r**c*ir.tly  '  )  glv-n  th<>  first 
i»-f  i  r;i  ’  1  v-  evid-ne*1  of  alkali  ir.t'-rr-ti  t  >  .-,i  donors  in 
T I  - V I  compounds  (air hough  : =  u ah  donors  hav-  long  b—.-r. 
^  i'-  d  ' .  Th*  primary  empt.-i.oi  r  of  the  pr<  .n-nt  pap--** 
w.  ’  1  •  w •  •  v * ■  r  be  or;  tn*-  two  novel  u.d  nr.-xp*- ■**  •  <1 

or-'  .  pr-  . .  i'*:j  Ob*  i.n*-d  iti  ■'•.■t,rr  -  *  I  ,t,  with  this 


donors  (specific  results  have  been  obtained  for  both 
Li  and  Na)  have  a  far  lower  DAP  recombi nat ion  rate 
[about  one  order  of  magnitude  for  Li  (4),  and  about 
three  orders  for  Na  (3)J  than  the  better  known 
"standard"  trivalent  Group  III  metal  substi tuti oral 
donors.  This  thus  means  that  such  interstitial  donors 
will  effectively  act  as  "killers".  Since  literature 
evidence  shows  that  interstitial  Group  I  metals  are 
present  in  1 1  —V I  compounds  in  general,  this  is 
expected  to  be  a  problem  for  this  whole  class  of 
compounds.  The  obvious  way  of  minimizing  this  problem 
would  be  to  avoid  Group  I  metals.  However,  these  are 
the  metals  which  are  generally  used  as  dopants,  as 
acceptors  on  the  cation  site,  as  "activators".  There 
however  appear  to  be  two  alternate  solutions.  One  is 
to  work  preferentially  with  the  group  v  elements  as 
acceptors,  on  the  anion  site  (although  I  am  net  aware 
of  any  literature  showing  that  these  lead  to  better 
luminescence  than  group  I  metals).  The  second  is  to 
incorporate  the  group  I  metals  preferentially  on  the 
cation  site  (ra*-h**r  than  as  Interstitials),  where 
there  are  good  indications  that  this  would  be  aided 
by  a  rapid  quench  from  high  temperatures  (this  of 
course  assumes  that  the  impurities  do  not  re¬ 
distribute  at  the  operating  temperat ure) . 

The  second  emphasized  aspect  -  of  theoretical 
interest  -  relates  to  the  validity  of  effective  mass 
theory.  In  view  of  the  f3ct  that  the  energies  of  the 
interstitials,  17  mev  and  20  meV  for  Li  (4)  and  N 
(1),  respectively,  are  quite  shallow,  one  wcuii 
expect  this  theory  to  apply  quite  well.  However,  the 
theory  would  predict  an  effective  mass  energy  of  *75 
meV  (1).  Moreover,  all  known  substitutional  donors 
(3,  Al,  Ga,  and  Tn  on  the  Zn  site,  and  F  and  Cl  on 
the  Se  site)  hav-.-  energies  between  26-29  ra-V .  We  have 
been  un.ibl •  to  explain  the  energy  deviations  of  tr.c 
interstitial  donors  from  both  the  effective  mas.: 
value  and  from  the  values  of  the  substitution.!', 
donors  by  invoking  various  corrections  to  simple 
effective  mass  theory  (1).  In  this  attempt,  wt  hav- 
considered  (1)  as  possible  corrections:  i)  inclusion 
of  other  (higher)  bands  (or  extrema);  2)  inclusion  of 
q-dependent  electronic  screening;  3)  polaron  effects; 
and  A)  central-cell  effects.  It  can  be  added  that  the 
larger  radius  obtained  for  a  substitutional  donor 
(Al)  as  compared  to  those  for  the  interstitials  (U' 
is  also  in  strong  contradiction  to  effective  mass 
theory . 

In  summary,  we  hav*1  confirmed  that  DAP  luminescence 
is  a  powerful  tool  for  investigating  semiconductor 
phosphors,  and  moreover  analyses  based  on  this 
technique  hav-  given  two  interesting  and  unexpected 
results  -  drastic  differences  in  transition  rates 
between  interstitial  and  substitutional  donors,  and 
strong  deviations  from  predictions  of  effective  miss 
theory  (where  this  theory  would  be  expect -d  to  apply, 
since  all  the  donors  are  shallow). 
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KZni_*CozF3,  a  cubic  perovskite  mixed  crystal,  orig¬ 
inally  studied  for  its  magnetic  properties  is  now  of  tech¬ 
nological  importance  as  an  infrared  laser  material.  Such 
optically  pumped  lasers  with  transition  metal  impurities, 
e.g.  Ni2+,  Co2+,  and  V2+  ions,  in  ionic  crystals  like  MgF2, 
MgO,  KMgF3,  or  KZnF3  have  proved  to  be  broadly  tunable 
and  produce  intense  infrared  radiation  from  1.5  to  2.1  fxm. 
In  crystals  doped  with  Co,  the  pump  source  is  normally  a 
Nd:YAG  laser  operated  at  1.32  /zm  or  an  Ar  laser  at  514.5 
nm  exciting  the  emission  through  the  4Tlfl(4F)  =»  4T29(4F) 
or  the  4Ti9(4F)  =>  4Ti9(4P)  absorptions,  respectively.  Elec¬ 
trons  in  these  excited  states  decay  nonradiatively  to  the  low¬ 
est  4T jy  (4 F)  levels  and  from  there  transitions,  largely  ra¬ 
diative  in  nature,  take  place  to  the  ground  state  levels  of 
4Tifl^:F)  and  to  the  viurouics  of  Cheat:  It  .ols.  It  is  these  vi- 
bronics  that  are  responsible  for  the  broad  tunability  of  these 
lasers. 

The  experiment  involved  photoexcitation  in  the  visible 
part  of  the  spectrum  near  500  nm  and  detecting  the  emis¬ 
sion  in  the  infrared  near  1.7  fim.  The  emitted  radiation  was 
analysed  either  to  obtain  its  spectrum  by  Fourier  transform 
infrared  (FT-IR)  spectroscopy  or  to  measure  its  decay  time 
constant.  The  major  components  of  the  spectral  apparatus 
were  an  Ar  laser  source  to  excite  the  luminescence,  a  super¬ 
conducting  magnet  with  a  variable  temperature  insert,  and 
a  FT-IR  spectrometer  to  measure  the  spectrum  of  the  lu¬ 
minescence.  Our  apparatus  also  had  a  broad  band  source 
behind  the  sample  for  measuring  the  sample  absorbance  in 
the  same  spectrometer. 

In  this  study,  the  relevant  single  Co2+  ion  energy  levels 
are  the  r^",  ^Tg,  and  T?  levels  in  cubic  field  from 

the  4Tj9  ground  term  and  the  Tq  ,  ^Fg  ,  ,  and  lev¬ 

els  of  the  4T2,  first  excited  term.  The  dominant  magnetic 
dipole  transition  in  emission  is  F£(4T29)  — *  Fe(4Tis),  as 
shown  in  Fig.  1.  In  absorption,  groups  of  lines  due  to  mag¬ 
netic  dipole  transitions  from  the  Tq  ground  state  to  the  Tq  , 
^Fg,  and  4T 2jf  levels  are  observed  at  6598,  6603,  and 
6673  cm-1,  respectively  at  Jow  x  values  (x  ~  0.02).  These 
frequencies  are  x  dependent.  For  example,  the  6598.1  cm-1 
line  for  x  —  0  019  shifts  to  6589.6  cm-1  for  x  =  0.138.  In 
&  magnetic  field,  the  site  symmetry  is  reduced  to  D**  and 
the  Krammers  doublets  split  into  two  levels.  Hence,  four 
transitions,  two  linearly  (dashed  lines  in  Fig.  1)  and  two 
circularly  (solid  lines)  polarized,  may  be  observed.  For  sin¬ 
gle  Ni2+  ions  the  3A2fl  ground  term  has  Tj  symmetry  and 
the  3T 2g  first  excited  term  comprises  TJ,  and 

levels  in  O*  site  symmetry.  An  earlier  study  found  Ni2+ 
absorption  lines  at  6421,  6596,  6971,  and  7117  cm-1,  which 
were  attributed  to  the  — *F^,  and  r2  tran¬ 

sitions,  respectively.  The  effect  of  a  magnetic  field  on  the 
lowest  transition  is  shown  schematically  in  Fig.  1.  The  fre¬ 
quencies  of  these  transitions  also  shifts  with  crystal  field; 
i.e.  the  lowest  energy  transition  changes  from  6426.3  cm-1 
at  x  =  0.019  to  6418.4  cm-1  at  x  =  0.138.  The  resoi.—^v. 
transfer  between  the  the  Co2+  6598-cm  1  line  and  the 
Ni2+  6596-cm  1  line  results  in  a  profound  200-1  asymmetry 
between  the  emission  and  absorption  strengths  of  the  lower 
frequency  Ni2+  transition. 

The  emission  spectra  for  the  six  samples  studied  exhib¬ 


ited  broad  band  luminescence  extending  from  4000  to  7000 
cm'1.  Samples  with  similar  Co  concentrations  gave  quanti¬ 
tatively  different  emission  spectra  due  to  differing  levels  of  Ni 
impurities.  In  the  zero  field  luminescence  spectrum,  shown 
in  Fig.  2  for  one  of  the  crystals  with  x  =  0.138,  the  sharp 
features  generally  decrease  in  intensity  with  increasing  tem¬ 
perature  and  are  essentially  invisible  above  100  K,  while  the 
overall  weight  of  the  intensity  shifts  to  lower  frequency.  Such 
a  shift  is  the  consequence  of  the  higher  population  of  mul¬ 
tiple  vibronic  states  at  higher  temperatures.  Other  samples 
gave  similar  results.  The  intensities  of  the  Co2+  and  Ni2+- 
ion  zero-phonon  lines  were  studied  as  a  function  of  temper¬ 
ature  as  was  the  integrated  band  intensity  and  luminescence 
lifetime.  Results  for  the  pump  intensity  and  wavelength  de¬ 
pendence  are  also  given. 

The  4.2  K  magnetic  field  dependence  of  the  luminescence 
for  x  =  0.019  is  discussed.  Representative  unpolarized,  klB 
emission  spectra  for  this  sample  are  shown  in  Fig.  3.  Be¬ 
tween  0  and  6.2  T  the  Ni2+  6426  cm-1  peak  splits  into  four 
lines  at  6419.2,  6425.8,  6430.2,  and  C  132.4  cm  1  (see  Fig.*). 
Although  five  peaks  are  expected  based  on  symmetry  argu¬ 
ments  above  (see  Fig.  1),  only  four  are  seen  since  two  are 
nearly  degenerate  at  6426  cm"1.  This  overlap  indicates  sim¬ 
ilar  g  values  for  the  ground  and  excited  states.  Evidence  for 
the  splitting  of  these  two  lines  is  seen  at  6.9  T.  The  energy 
level  scheme  of  Fig.  1  shows  that  of  the  five  emission  lines 
expected  two  have  left  circular  polarization,  two  have  right 
circular  polarization  and  one  has  linear  polarization.  The 
splitting  in  field  of  the  Co2+  6598  cm'1  line  is  complicated 
by  the  overlap  with  the  NI24"  6596  cm-1  line.  However,  the 
magnetic  field  does  confirm  the  presence  of  this  Ni24  line  by 
separating  its  components  from  the  (B  =  0)  Co2*  emission 
which  normally  covers  it  (see  Fig.  3). 

The  results  from  this  study  indicate  that  temperatures 
below  20  K  are  needed  for  optimum  KZnF3:Co  laser  opera¬ 
tion  and  that  a  pump  wavelength  near  514.5  nm  is  required. 
The  tuning  range  of  this  laser  is  so  broad  because  the  vibron- 
ics  arising  from  the  ~5644  cm"1  line  add  on  to  the  normal 
progression  of  vibronics  arising  from  the  fundamental  tran¬ 
sition  at  ~6594  cm'1.  This  fact  has  not  been  commented 
on  by  others  and  the  effect  is  not  seen  in  other  ions,  such  as 
Ni2+,  since  their  ground  states  are  not  split  in  cubic  crystal 
field.  Deliberate  doping  with  both  Ni  and  Co  should  sen¬ 
sitize  the  luminescence,  lead  to  a  more  efficient  stimulated 
emission  at  higher  temperatures,  and  increase  the  laser  tun¬ 
ing  range.  This  improvement  should  occur  since  the  \ i 2 " 
ion  vibronics  help  to  fill  gaps  in  the  Co2^  ion  emission  be¬ 
tween  5800  and  6300  cm  The  application  of  a  magnetic 
field  to  this  material  perturbs  the  energy  level  scheme,  thus 
providing  additional  information  about  the  electronic  prop¬ 
erties.  Removing  the  overlap  of  the  6596  cm  1  Ni2  *  and  the 
6598  cm-1  Co2*  lines  increases  the  understanding  of  the  res¬ 
onant  transfer  process  from  the  Co2  4  to  the  far  less  numerous 
Ni2+  ions  in  the  crystals  studiod  here.  Although  this  overlap 
is  less  complete  for  lower  Co2*  ion  concentrations,  the  en¬ 
ergy  transfer  is  still  efficient  indicating  that  the  addition  of  Ni 
broadens  the  emission/tuning  range  for  all  x  <  0.15.  Further 
magneto-optical  experiments  in  progress  include  systematic 
studies  of  other  Co2  f  and  Ni24  concentrations,  temperature 
dependences,  polarization  studies  (linear  and  circular)  of  the 
emitted  and  iransimueu  ugiu,  ana  studies  of  ....e  iifetuiKs  of 
individual  zero-phonon  transitions. 


Fig.  1  Fundamental  ground  to  first  excited  term,  single¬ 
ion  electronic  transitions  for  Ni2+  and  Co2+  in  cubic  crystal 
field.  Transitions  have  circular  (solid  lines)  or  linear  (dashed 
lines)  optical  polarizations  for  B  >  0. 


Fig.  3  Low  temperature  spectra  for  KZn.9g1Co.010F3.lSi  at 
five  B's.  Light  randomly  polarized,  propagating  ±  B. 


iifi 


Fig.  2  Luminescence  spectrum  of  KZno,862Coo.i3sF3  a®  a 
function  of  temperature. 


Magnetic  Field  (T) 


Fig.  4  Peak  frequency  dependence  on  magnetic  field  for  line* 
originating  from  Ni2  1 ,  r5'  ,  B  =  0  transition. 
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ZERO  PHONON  LINES ,  PHOTOBURNING  OF  SPECTRAL 
HOLES,  OPTICAL  DATA  STORAGE  AND  PROCESSING 
IN  IMPURITY  DOPED  SOLIDS 

Karl  K.  Rebane 

Academy  of  Sciences  of  the  Estonian  SSR, 
200106,  Tallinn,  6  Kohtu,  USSR 

1.  Very  narrow  (homogeneous  1 inewidth 

60  «  10~2-10-4  cm-1)  zero  phonon  line  (ZPL) 
of  very  high  peak  intensity  in  low  tempera¬ 
ture  (4  K  and  below)  spectra  of  absorption 
and  luminescence  of  molecules  embedded  as 
impurities  in  single  crystal  or  glassy  ma¬ 
trices  is  subject  to  tremendous  inhomogeneous 
broadening  (Aju  «  1  -  1000  cm-1,  i.e. 

1026 o  -  lO’fioUU. 

2.  Photoburning  of  spectral  holes  (PBH) 
permits  to  eliminate  inhomogeneous  broadening 
of  zero-phonon  lines  (ZPL)  and  tc  perform 
high  resolution  studies  of  the  impurity  vi- 
bronic  spectra  with  the  accuracy  of  10-3-10"4 
cm-1  [2-4).  PBH  serves  also  as  an  effective 
tool  to  control  by  means  of  illumination  the 
optical  characteristics  -  absorption  coeffi¬ 
cient  and  index  of  refraction  -  of  matter 
with  high  spectral  selectivity. 

3.  Owing  to  PBH  the  large  inhomogeneous 
broadening  of  ZPLs  (exceeding  the  homogeneous 
broadening  by  3-6  orders  of  magnitude)  turns 
out  as  an  useful  feature  to  store  and  process 
data  and  images  [2,5,6],  to  memorize  fields 
of  mechanical  strains  [7). 

A  rather  trivial  application  is  to  store 
the  bits  of  information  via  burning  sharp 
holes  at  designated  frequencies.  The  storage 
densities  up  to  1012-1013  bits  per  cm2  be¬ 
come  possible  [2,6). 

The  frequency  domain  may  also  be  used 
as  a  really  new  dimension  bound  via  Fourier 
transform  to  the  time  domain.  It  leads  to 
space-and-time  domain  holography  of  ultra¬ 
fast  events  of  pico-  and  nanosecond  duration 
[6,91.  Theory  is  presented  and  a  number  of 
experiments  (performed  mainly  with  polyste- 
rene  activated  with  octaethy lporphin)  are 
described. 

4.  Random  orientation  of  the  photoactive 
molecular  impjrity  centres  in  hole  burning 
glassy  matrices  provides  the  possibility  to 
record  also  the  polarization  of  the  Fourier 
components  of  the  light  pulse.  It  leads  to 
the  generalization  of  the  holography  into 
the  full  meaning  of  the  term  "holography" 

:  "complete  recording".  Theory  is  given  and 
experiments  made  showing  storage  and  play¬ 
back  of  both  spatial  and  temporal  depend¬ 
encies  of  the  electric  vector  of  the  object 
field  (signal  pulse)  [81. 

5.  The  following  applications  of  time-and- 
space  domain  holograms  in  optical  data  and 
image  processing  have  been  performed  [6,8,9]. 

5.1.  Mul ti frequency  parallel  recording  and 
readout  of  an  optical  spectral  memory.  Hole 
burning  and  detection  of  several  thousand 
holes  (bits)  in  one  absorption  band  using 
picosecond  pulses  have  been  demonstrated 

I  10]  . 

5.2.  Wave  front  conjugation  and  time  rever¬ 
sal  of  the  signal  by  reading  the  conjugated 
wave  from  the  hologram  [6,8].  Restoration 

of  clear  pictures  out  from  holoarammed  smear¬ 


ed  images'  has  been  demonstrated; 

5.3.  Processing  of  picosecond  signals,  in 
particular,  spacial-temporal  convolution  of 
the  signals  by  means  of  using  one  signal  as 
the  probe  pulse  to  read  the  hologram  of  the 
other  signal  [5,6,11]; 

5.4.  Recognition  of  picosecond  events  -  the 
generalization  of  the  holographic  method  of 
image  recognition.  If  a  light  signal  is  de¬ 
livered  to  the  hologram,  which  coincides 
with  one  of  the  signals  recorded  earlier, 
and  if  the  outcoming  light  is  focussed,  then 
a  6-shaped  pulse  appears  at  a  definite  point 
of  the  local  plane; 

5.5.  Synthesis  of  picosecond  signals  by 
transforming  the  incident  light  pulses  in 
holograms  with  prefixed  spatial-spectral 
structure  of  holes,  created  by  means  of 
tunable  single-mode  lasers  or  other  control¬ 
led  light  sources; 

5.6.  Playback  of  events  by  their  fragments 
through  the  generation  of  the  corresponding 
phantom  events  and  constructing  associative 
memories  [6,9,11]. 

6.  The  main  essential  characteristics  of 
materials  needed  for  the  time-and-space  do¬ 
main  holography  are  the  following:  (1)  narrow 
and  intense  homogeneous  ZPL;  (2)  large  inho¬ 
mogeneous  broadening;  (3)  long  phase  relaxa¬ 
tion  time  T2  (actually  long  T2  is  a  conse¬ 
quence  of  narrow  ZPL)  ;  signal  and  reference 
pulses  interfere  and  build  a  hologram  pro¬ 
vided  they  interact  in  a  given  spot  of  hole 
burning  medium  no  longer  than  Ta ;  (4)  non¬ 
zero  efficiency  of  hole  burning;  (5)  long 
lifetimes  of  the  products  of  hole  burning. 
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1 .  Persistent  spectral  hole-burning  (PSHB) 
is  a  rapidly  growing  field  of  molecular  and 
solid  state  spectroscopy  and  photochemistry 
providing  high-resolution  spectra  and  the  pos¬ 
sibility  of  various  applications  [1,2].  By 
burning  non-saturated  holes  in  the  inhomoge¬ 
neous  purely  electronic  band  of  impurity  mole¬ 
cules  in  crystalline  matrices  at  different 
temperatures  the  homogeneous  linevidth  (HLW) 

and  dephasing  processes  were  st  adied  reveal¬ 
ing  the  high  sensitivity  of  T  to  the  density 
of  low-frequency  vibrational  states  of  the 
matrix  [3-51.  The  peculiarities  of  PSHB  ob¬ 
served  for  impurities  in  amorphous  matrices 
(organic  glasses  and  polymers)  [5,6]  reflect 
specific  of  amorphous  solids  in  comparison  to 
crystals.  The  high  density  of  low-frequency 
states  provided  by  two-level  systems  (TLS), 
local  character  of  the  states,  and  the  nigh- 
entropy  soft  structure  lead  to  more  fast  and 
very  low-temperature  dephasing  processes  and 
possibility  of  higher  spectral  hole  width  (SHW) 

•  additionally  broadened  by  spectral  diffu¬ 
sion  (SD)  t  7  ]  . 

Recent  data  about  the  low-temperature 
(down  to  40  mK)  broadening  of  spectral  holes 
and  corresponding  purely  electronic  linos 
( PLLs )  of  resonant  fluorescence  will  be  re¬ 
viewed  and  the  contribution  of  TLS  to  the  HLW 
and  SD  will  be  discussed. 

2.  The  SHK  temperature  dependence,  o  (T)-Co, 
measured  for  Ha-octaethy lporphin  molecules 
(CEP)  in  amorphous  polystyrene  (PS)  is  shown 
in  Fig.  1.  The  lifetime-limited  value,  c  0  - 

-  ("  i  i ) " 1  =  18  MHz,  was  obtained  from  the  re¬ 
sonant  fluorescence  decay  (i  *  =  17.5  ns).  The 
experimental  data  were  approximated  by  the 
law  T1*8  at  temperatures  from  10  to  3K  cross¬ 
ing  over  to  the  law  T1*2  at  temperatures 
from  3  to  0.2K  and  to  the  law  T2-6atT<0.1K. 
The  nonmonotonic  behaviour  of  SHW  reveals  in¬ 
put  from  the  SD  broadening.  Tht  hole  measure- 
rent  time  shortoninq  Tran  1  s  to  s  at 

I.jK  causes  a  notable  decrease  of  the  SHW  [7] 
(snown  in  Fig.  1).  The  homogeneous  part  of 
obtained  from  the  photon  echo  measurements  [5] 
is  also  shown  in  Fig.  1.  The  complicated  curves 
of  ‘(T)-'o  were  obtained  also  for  OKI’  molecules 
i  n  po  I ymo t  hy  lmo th i  cry  1  ate  mat  r i  x  and  monoaza- 
i.-.iLoporphyrin  molecules  in  PS  [9]  revealing 
the  participation  of  SD  processes  in  the  holes 
formation . 

A  new  method  of  fluorescence  measurement 
m  resonance  with  the  purely  electronic  exci¬ 
tation  is  proposed,  which  uses  the  hole  burnt 
at  resonance  frequency  in  the  optically  dense 
sample  as  a  very  narrow  transmission  fi Iter 
[10].  The  temperature  dependence  of  the'  reso¬ 
nant  f  1  ik. r»  sconce  HLW  "  was  obtained  with  this 
'id  for  OL'P  molecules  in  PS  (shown  in  Fin.  1 
by  t  r  i  angle:;  j  at  i  <  T  <  lOK.  It  displays  more 
fast  »hin  (T.)  broadening  law,  -  ~  T '  which  is 
ir.  a  ■:ood  agreepi-n’  with  the  inpuiity  excited 
:  ,  state  dephasjrio  by  a  g  ■  jas  i  1  oe.  1 1  i -J  vibra- 
t  i '  n  wi  tii  f  r**gi:<*i,ey  f.i2n  cp  1  .  At  lower  teirpe- 


ratures  the  TLS  are  participate  in  the  HLW  r 
as  well  as  in  SD. 

The  relation  between  SHW  and  HLW  as  well 
as  SD  broadening  were  studied  also  for  Ti  -  S0 
transition  of  pyrene  molecules  in  an  alcohol 
glass . 

4.  Optical  pumping  of  the  PS  matrix  vibra¬ 
tional  modes  have  been  done  in  the  region  of 
1.5-2. 5  pm  by  IR  irradiation  of  OEP-PS  at 
1.5K.  A  considerable  broadening  of  the  holes 
and  decrease  of  their  depth  have  been  observed 
indicating  the  photoinduced  spectral  diffu¬ 
sion  . 
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The  relaxation  of  the  ions  surrounding  a  F2+ 
center  in  LiF  is  here  numerically  evaluated,  assuming 
that  a  wavepacket  of  coherent  phonons  of  the  whole 
perturbed  crystal  are  generated  during  the  absorption 
of  a  femtosecond  laser  pulse.  If  the  wavepacket 
evolves  linearly,  the  center  n.n.  are  found  to 
perform  a  very  damped  motion  (however  less  than  the 
experimental  one)  during  the  first  100  fs,  followed 
by  very  small  aperiodic  oscillations. 

The  short  time  relaxation  process  in  molecules 
and  crystals,  following  excitation  with  ultrashort 
laser  pulses,  reveals  fundamental  aspects  of  the 
electron  and  phonon  dynamics  and  of  their  coupled 
motion.  The  increasing  number  of  experimental  data 
allows  a  comparison  of  the  existing  theories. 

In  the  present  work  we  refer  to  recent 
experiments,  where  a  femtosecond  pulsed  laser  is  used 
to  study  how  ions  relax  around  color  centers  in 
insulating  crystals  (1,2).  In  particular,  the 
transient  dynamics  of  F2+-  centre  in  LiF  show  that 
the  n.n.  relaxation  time  is  shorter  than  the  period 
of  any  relevant  frequency  of  the  host  crystal  (2). 
This  seems  to  disagree  with  the  c.c.  model  or  with 
any  local  phonon  model.  It  could  instead  corroborate 
a  recent  theory  proposing  that  coherent  phonons  of 
the  whole  perturbed  crystal  are  generated  during  the 
very  fast  excitation  process  preceeding  the 
relaxation  (3). 

Here  the  coherent  phonon  theory  is  tested 
through  a  numerical  evaluation  of  the  relaxation 
around  the  center.  The  center  itself  is  embedded  in 
a  T=0  LiF  harmonic  crystal,  here  described  by  the 
breathing  shell  model,  locally  perturbed  by  the 
impurity.  We  have  adopted  the  following  minimal 
model:  i)  The  electronic  transition  of  the  center  is 
induced  by  absorption  of  a  femtosecond  laser  pulse; 
ii)  The  electron-phonon  interaction  (short  range  and 
linear)  is  deduced  from  the  absorption  band  shape 
parameters,  iii)  The  coherent  phonon  wavepacket  (wp), 
generated  at  t=0  by  the  light  absorption,  propagates 
linearly  in  the  following  10-300  fs;  iv)  No  other 
electronic  level  exists  in  proximity  of  the  excited 
state,  so  that  we  can  neglect  possible  intracenter 
energy  transfer  during  the  relaxation.  The  time- 
dependent  position  of  the  ions  is  identified  with 
the  expectation  value  of  the  ionic  variables  on  the 
evolving  coherent  wp  at  different  times.  We  do  not 
comment  the  assumption  ii),  as  it  is  usually  adopted 
in  dealing  with  the  EP  coupling  in  excited  color 
centres.  The  effect  of  point  iv)  is  under  study. 

With  regard  to  the  point  iii),  the  non  linear  EP 
coupling  and  the  anharmonic ity  play  certainly  an 
important  role  in  modifying  the  wp  during  the 
relaxation  process.  However,  their  effect  is 
probably  limited  at  T=0,  un  the  time  scale  here 
studied,  even  in  the  strong  F.P  coupling  limit. 

Our  results  can  be  summarized  as  follows.  The 
n.n.  of  the  impurity  move  towards  new  relaxed 
equilibrium  positions  if:  a  strongly  damped 
oscillatory  way.  However,  the  ions  perform  at  least 
one  complete  large  oscillation,  a  le!>s  damped  motion 
than  that  of  the  10ns  surrounding  the  Fp*  centre  in 


LiF.  This  first  short  transient  (about  100  fs)  is 
followed  by  aperiodic  oscillations  of  very  small 
amplitude.  The  further  neighbours  are  reached  by  the 
phonon  wp  at  delayed  times,  depending  on  the  wp  group 
velocity  and  therefore  on  the  wp  initial  composition 
(strength  of  the  different  symmetry  components). 

Their  oscillations  are  also  damped  but  always  of 
smaller  amplitude  than  the  motion  of  the  n.n., 
according  to  a  3-dim  propagation  scheme  for  the  phonon 
wp. 
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In  the  new  Cr^+  doped  materials  suitable  for  tunable 
lasers,  like  Gd3SC2Ga30i2(GSGG),  Cr^+  is  situated  in 
an  intermediate  crystal  field.  In  such  a  case  the  dou¬ 
blet  and  the  quadruplet  4T2  are  so  near  that  we 
can  observe  at  low  temperature  both  the  Tine  emission 
from  jjE  and  the  band  emission  from  4T2  while  the  band 
dl2  +^f<2  only  is  seen  at  room  temperature.  As  already 
noticed  /V  the  emission  is  constituted  by  several 
lines  cue  to  different  cristal lographic  site  induced 
by  the  statistical  distribution  of  the  cations  Sc3+, 
Ga3+,  Gd3+  in  neighbour  octahedral  sites.  We  report 
here  a  study  devoted  to  a  more  precise  characterization 
of  these  sites  by  FLN  measurements. 

2  4 

Emission  and  absorption  spectra  of  the  E  -  A~ 
transition  at  T*  bK,  shown  on  the  figure  1,  are  c 
mainly  constitued  of  4  components.  The  absorption 
4A2-»2e  is  supergosed  on  the  low  energy  wing  of  the 
absorption  band 

2 

Direct  excitation  in  the  E  levels  by  mean  of  a 
tunable  and  spectrally  narrow  laser  (fluorescence  line 
narrowing)  allows  an  investigation  of  the  multisites 
and  a  determination  of  the  position  of  the  different 
energy  levels.  The  main  results  can  be  sumarized  as 
follows  : 

1-  The  four  lines  observed  in  fluorescence  corres¬ 
pond  to  the  lower  ^E  sublevel  emission  of  four  diffe¬ 
rent  si tes . 

2 

2-  The  trigonal  splitting  of  the  doublet  E  depends 
on  the  site  and  varies  with  the  crystal  field  in  the 
range  16-40  cm" 1 . 

4  4 

3-  The  position  of  tiie  absorption  band  A2  -»  T2  of 
the  different  sites  relative  to  the  2E  position  can  be 
determined  approximately.  For  a  given  excitation 
wavelength  absorption  of  one  site  takes  place  into  the 
2E  levels,  while  for  another  site  it  takes  place  into 
the  ^72  (figure  2). 

4-  The  inhomogeneous  broadenings  are  differentand 
of  the  order  of  14  cnrl.  The  width  of  each  line  is 
decreased  differently  by  FLN.  The  average  residual 
width  of  about  8  cm‘l  is  very  much  larger  than  it  is 
generally  for  materials  with  stronger  crystal  field 
like  ruLy  /’/.  Such  a  feature  has  already  been  reported 
by  us  for  another  substitued  GGG  /’/. 

E-  Fluorescence  decays  and  excitation  spectra  which 
are  different  for  each  line  also  show  the  presence  of 
four  different  sites. 

All  these  results  indicate  different  crystal  field 
strengths  for  these  four  sites. 
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Fig.  1  :  6K  absorption  and  emission  spectra  of  the 
^A^—^e  transition  in  GSGG:Cr^+. 


i 


Fig.  2  :  6K  F.L.N.  spectra  of  the  four  main  lines  of  tie 
emission  spectrum.  Arrows  indicate  positions  of  the 
laser  excitation  and  lines  under  them  are  fluorescent 
resonant  ones.  No-resonant  lines  (0)  at  696.3  nm  and 
695  nr.-  come  from  excitation  in  4T2  state.  Line  label¬ 
led  by  an  X  comes  from  excitation  in  the  upper  level  of 
the  splitted  ?E  and  relaxation  to  the  lower  level. 
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in  a  semi  conduct  or  or  an  insulator  having 
an  lirbuch  tail  in  l he  free  exc i ton  IFF)  ab¬ 
sorption  .spectrum,  an  exiiton  has  been  sug¬ 
gested  to  be  able  to  localize  momentarily  by 
phonons  after  Suim  and  Toyozawa  [l]  .  Also 
in  the  luminescence  spectrum,  the  Id  ba< h  tail 
due  to  the  moment  ar  i  l  y  local  ized  exc  i  ton 
(ii/ILE-.)  has  been  observed  on  the  low  energy 
side  of  the  FF  hand  of  JH-Phlo  C 2]  . 

In  this  pa pel  .  Ihermal  si  ability  of  the  II 
and  I4I.F  in  211-Pbl.,  will  be  discussed  from 
view  points  of  the  time  response  and  the  ex¬ 
citation  spectrum  of  luminescence.  A  Phlo 
crystal  is  a  layer  typo  semiconductor  and  has 
a  diiect  allowed  exciton  band  near  2()Kt  m”  1 
foi  F  ■  c  polarisation  specliutu.  The  i.i  ba<  li 
rule  is  tound  to  hold  for  the  energy  region 
below  ID.'Jkc  uT 1  in  the-  absorption  spectruui 
and  below  19.8keiiTl  in  the  I  umi  nescom  e 
spec  t  rum  at  I  (1 II K  [  2]  . 

Figure  I  shows  quantum  yields  of  t  lie* 
luminescence  in  the  I  t  bach  fail  region  as  a 
function  of  the  exc  it  at  ion  energy  and  the* 
lifetimes  of  the  exc  » tons  with  different 


Figure  I  shows  quantum  yields  of  t  lie* 
luminescence  in  the  I  t  bach  tail  region  as  a 
function  of  the  exc  it  at  ion  energy  and  t he 
lifetimes  of  the  exc  i tons  with  different 
energies  at  10I)K.  The  quantum  y  ields  as  shown 
by  open  ciicl<*s  are  obtained  from  the 
luminescence  intensity  per  e\c  ilinq  lasei 
powei  aftei  collections  for  absorption  and 
ref  I  ec  l  ion  [  l]  .  The  I  at  lei  values  arc*  es¬ 
timated  as  follows.  The  time  i espouse  of  the 
luminescence  intensity  i  s  measui  eel  using  a 
thild  harmonic  of  a  mode-locked  YA(»  l.i'. eg 
light  with  the-  pulse  width  of  Blips  as  an  ex¬ 
citing  light  som  c  c.  and  using  a  si  leak 
c  si  me  i  a  and  an  ClMA  as  a  detection  system.  From 
analysis  of  the*  luminescence  decay  curve* 
using  the  diffusion  constant  and  the  absoip¬ 
tion  cool  1  I  c  i  out  (4)  we  obtain  the*  lifetime's  ol 
the*  exc  i  tons  with  the  various  energies.  The* 
diffusion  constant  is  estimated  f  i  om  t  lie*  line 
shape  analysis  in  I  lie*  exc  iton  absorption 
spectrum.  A  peak  position  of  the*  exc  lion  ab¬ 
seil  pt  ion  band  is  i  net  i  <  a  I  cel  b\  an  allow.  In 
the  enei  gy  region  above  _M).r>k<nr*  ecu  i  os  pond  - 
in  g  l  o  the*  free  oxer  Ion.  both  l  be*  quantum 
yield  and  exc  it  on  lifetime*  ui  e  independent  of 
1  he  energy.  This  fact  means  that  f  i  ec*  c\- 
c  itons  with  vaii otis  energies  me  in  Ihcimal 
equilibrium.  Also  in  I  he-  ciif'i'i'  reman  below 
1  ft .  *)k<  m  '  '  c  oi  i  c-spond  i  nq  to  1  he-  .11  I  .  u<>ih 


values  art-  constant.  From  this  lad.  it  1 '• 
strongly  .suggested  that  the  momentarily  lo¬ 
calized  ext  itons  at  t he  phonon  distorted  lat¬ 
tice’  with  different  energies  are  m  thermal 
cquiiihi  i  urn  with  each  other  .  1  he  difference 

in  both  values.  however  .  between  t  lie.’  H.  and 
Ml  .f-;  regions  leads  to  the  tone  *1  us  ion  that 
there*  exists  a  thermal  ban  let  lx; tween  the  FF 
and  I4FF  systems.  Namely,  the*  41.1  may  be  able 
te>  move  i  n  the  similai  way  t  o  that  of  local¬ 
ized  exrr tons  in  the  amorphous  materials.  in 
this  case.  howevet  .  spatially  random  poten¬ 
tial  is  dynamically  generated  by  phonons. 

The  lifetime  and  the  luminescence  intensity 
show  the  same  exponential  dependence  on  the 
inverse  temperature  as  expected  from  the  rate 
equations.  The  lifetime  of  the  JLF  is  large?! 
than  that  ol  the  IF  below  120K,  while  the 
former  coincides  with  the  latter  at  140k. 
Tins  coincidence  means  that  the  FF  and  4LF 
bee ornes  in  the  thermal  equilibrium  at  140k. 
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Although  much  information  can  be  gained  from  the 
absorption,  excitation  and  fluorescence  spectra  of  luminescent 
materials,  additional  techniques  are  usually  required  to  identify 
the  nature  of  the  luminescent  centres.  As  an  illustrative 
example  the  principal  uranium  centres  in  LiF  and  NaF  will  be 
discussed  to  show  the  power  and  limitations  of  optical 
techniques.  Electron  paramagnetic  resonance  is  a  powerful 
tool  in  the  study  of  luminescent  centres,  but  is  not  applicable  in 
this  case  as  both  the  ground  and  fluorescent  states  are  non- 
degenerate. 

It  has  long  been  known  that  when  a  small  percentage 
of  uranium  oxide,  of  the  order  of  0.01  at.  percent,  is  added  to 
sodium  fluoride  and  melted  then  the  solid  when  cooled  shows 
a  vivid  yellow  fluorescence  under  visible  or  ultraviolet 
radiation  (1).  Similarly  lithium  fluoride  shows  a  bright  green 
fluorescence  when  activated  by  uranium.  Both  crystals  when 
cooled  with  liquid  air  show  well-resolved  lines  in  the 
fluorescence  spectra  (2). 

Additional  information  was  obtained  from  the  study  of 
microcrystalline  samples  of  NaF(U)  at  liquid  helium 
temperatures,  it  being  found  that  some  of  the  emission  lines 
vanished  indicating  that  they  did  not  originate  from  the  lowest 
excited  state  (3).  The  fluorescence  lines  form  vibrational 
series  in  which  0,  1  or  2  vibrational  quanta  are  coupled  to  the 
electronic  transition.  This  is  unlike  the  well-known  uranyl 
spectra  where  long  series  with  up  to  six  quanta  are  observed. 
By  introducing  the  isotope  ,80  into  the  uranium  oxide  used  to 
dope  the  crystal,  several  fluorescent  lines  were  shown  to  have 
an  isotope  shift.  This  indicates  that  oxygen  ions  are  part  of  the 
fluorescent  centre.  At  low  uranium  concentrations  of  0.01 
at.percent  or  less  the  spectrum  is  relatively  simple,  but  at 
higher  concentrations  or  with  impurities  present  many  other 
centres  are  formed.  It  was  suggested  that  these  were  due  to 
octahedral  uranate  complexes  with  a  variety  of  charge 
compensating  ions  (3). 

Further  advances  required  the  use  of  single  crystals 
and  fortunately  doped  crystal  boules  of  dimensions  ~  2  cm  x 
1  cm  x  1  cm  can  be  grown  by  the  Czochralski  or  Kyropoulos 
methods  in  a  few  hours. 

The  use  of  polarized  exciting  radiation  and  the  analysis 
of  the  polarization  of  the  fluorescent  radiation  allows  the 
symmetry  of  the  centres  to  be  found.  The  principal  centres 
found  at  low  uranium  concentrations  were  found  to  have 
tetragonal  symmetry  and  the  UO5  model  was  proposed  in 
which  a  U6+  ion  on  a  lithium  or  sodium  site  is  charge 
compensated  by  five  of  the  six  surrounding  fluorine  ions  being 
replaced  by  oxygen  ions.  Fig.  I  (4).  The  UO5  centre  has  C4V 
symmetry.  There  was  still  some  uncertainty  about  the  nature 
of  the  radiation  and  the  multiplicity  of  the  energy  levels. 
Definite  information  was  obtained  from  the  piezospectroscopic 
effect  (5).  When  a  uniaxial  stress  is  applied  to  the  crystal  at 
liquid  nitrogen  temperature  it  is  found  that  some  of  the 
luminescent  lines  show  well  resolved  splittings.  This  is 
expected  since  luminescent  centres  oriented  along  the  stress 
direction  will  have  different  energy  shifts  from  those  oriented 
at  an  angle  to  the  stress  direction.  A  detailed  theoretical 
analysis  of  the  various  possibilities  for  different  orientations  of 
the  crystal  and  for  different  types  of  centres  allows 
identification  of  the  centres  and  energy  levels  to  be  made  (6). 
For  instance,  it  is  found  that  the  principal  uranium  centre  in 
LiF  is  tetragonal  and  that  the  resonant  fluorescent  transition  at 
527. 8nm(18  941cm*1)  is  magnetic  dipole  in  character,  both  the 
ground  and  lowest  excited  states  being  singlets.  The 
fluorescence  from  the  higher  excited  state  at  518.5nm 


(19  281cm1)  is  electric  dipole  in  character  and  the  higher 
excited  state  is  also  a  singlet.  The  ground  state  is  assigned 
A 1  symmetry  as  all  the  ions  have  closed  shell  configurations. 
The  selection  rules  for  C4V  symmetry  indicate  that  A]  — >  A] 
and  A\  — »  E  are  electric  dipole  (ED)  allowed.  Ai  — »  A2  is 
magnetic  dipole  (MD)  allowed.  A\  — >  Bi  and  Aj  — >  B2 
transitions  are  forbidden  for  both  ED  and  MD  transitions  and 
have  not  been  detected. 

The  application  of  an  electric  field  gives  somewhat 
similar  results  to  that  of  an  applied  stress.  When  the  centres 
lack  a  centre  of  inversion  there  is  a  linear  pseudo-Stark  effect 
as  distinct  from  the  quadratic  Stark  effect  for  centres  with  a 
centre  of  symmetry.  The  principle  centres  in  LiF(U)  were 
found  to  lack  a  centre  of  inversion  symmetry  as  expected  on 
the  UO5  model  (7). 

When  different  centres  are  present  in  a  crystal  it  is 
useful  to  isolate  the  fluorescence  of  each  using  selective 
excitation  (8).  Dye  lasers  provide  a  very  convenient  source  of 
variable  wavelength  polarized  radiation  and  have  been  used  to 
study  LiF(U)  and  NaF(U)  (9). 

Anisotropic  centres  in  cubic  crystals  can  also  be 
studied  by  the  Zeeman  effect.  However  the  states  of  the 
uranium  ion  often  have  small  g-values  and  show  unresolved 
Zeeman  patterns  in  easily  attainable  magnetic  fields.  In  such 
cases  the  technique  of  magnetic  circular  dichroism  (MOD)  is 
very  useful  as  unresolved  patterns  show  clear  MCD  signals 
(9).  The  MCD  is  proportional  to  the  difference  between  the 
absorptions  of  right-  and  left-circularly  polarized  light  when 
the  crystal  is  in  a  magnetic  field  parallel  to  the  light  direction. 
Using  MCD  excited  states  of  E  symmetry  were  found  at 
slightly  higher  energies  than  the  two  lowest  excited  singlet 
states  for  both  LiF(U)  and  NaF(U)  (10).  A  recent  theoretical 
study  of  the  MCD  of  anisotropic  centres  in  cubic  crystals  has 
shown  that  the  g-values  were  underestimated  by  a  factor  of  2 
(11),  and  revised  energy  level  diagrams  are  shown  for  LiF(U) 
and  NaF(U)  in  Fig.  2  and  3  respectively.  The  appropriate 
representations  for  the  wave-functions  of  the  energy  levels  are 
listed  and  g-values  arc  given  for  the  doubly  degenerate 
E  levels.  For  LiF(U)  there  is  an  indication  of  a  level  at 
24  200cm'1  of  unknown  symmetry. 

It  should  be  stressed  that  the  experimental  results 
described  only  limit  the  possible  atomic  models  to  those  of  a 
certain  symmetry,  but  do  not  positively  identify  particular 
models  for  centres.  On  the  basis  of  a  particular  model  it  is 
then  possible  to  make  calculations  of  the  electronic  structure  of 
a  centre  and  preliminary  calculations  have  been  made  for  the 
principal  centre  in  alkali  fluorides  using  a  molecular  orbital 
formalism  (12). 
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Fig  i.  Model  of  the  principal  centre 
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The  fluorescence  of  thulium  Tm^+  in  zinc  sulfide 
matrix  has  led  to  a  great  number  of  investigations 
due  to  the  high  efficiency  which  is  exhibited  by  this 
blue  phosphor.  It  has  been  established  that  the 
preparation  conditions  have  a  drastic  influence  on 
the  emission  yield  as  well  as  on  the  number  and  re¬ 
lative  intensities  of  the  different  components  in  the 
fluorescence  spectra  (1).  To  characterize  these 
relations  between  the  synthesis  and  the  optical 
properties  we  have  thus  undertaken  the  structural  stu¬ 
dies  of  ZnS:Tm^+  powders,  the  first  one  being  an 
EXAFS  investigation  (Extended  X-ray  Absorption  Fine 
Structure).  In  the  particular  case  of  ZnS:Tm^+ 
samples  the  observation  of  EXAFS  oscillations  at  the 
Lj  Tm^4  edge  proves  to  be  effective  only  for  the 
higher  dopant  concentrations  that  is  for  a  sample 
activated  by  LiTmS2  in  the  initial  proportions  ZnS: 
Tm^4(1.2%).  The  EXAFS  analysis  concludes  unambi¬ 
guously  to  the  occurrence  of  Tm^4  in  the  form  of  the 
oxysu  1  fide  (T;.iG>2S  within  the  ZnS  host  matrix.  This 
first  result  has  been  completed  by  the  measurement  of 
the  optical  properties  of  the  same  ZnS:  Tm^4( 1 . 2%) 
sample  comparatively  to  (TmO)2S,  which  is  not  fluo¬ 
rescent,  and  to  the  isomorphous  fluorescent  (Y0)2S: 
Tm^4(l%).  Contrary  to  ZnS:Tm^4  phosphors  which 

exhibit  mainly  the  lG/“- > blue  emission  under  UV 
excitation,  the  thulium  fluorescence  in  yttrium  oxy- 
sulfide  is  widely  dominated  by  the  ^D2 — ^H^  emis¬ 
sion.  The  transition  in  (YO)2S  has  then 

been  isolated  at  7 ?K  by  dye  laser  sel  ee t i ve  exc i  ta- 
tion.  It  appears  that  no  common  feature  may  be  evi¬ 
denced  in  the  emission  characteristics  of  the  two 
phases.  There  is  then  j  "oxysul f ide-type"  fluo¬ 

rescent  cluster  in  the  ZnS  sample.  On  the  contrary 
the  diffuse  reflectance  spectra  observed  on  ZnS:Tm^4 
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be  detected  by  EXAFS.  But  if  new  elaboration  condi¬ 
tions  allow  to  incorporate  more  Tm^4  in  ZnS,  as  we 
think  to  be  the  case  in  thin  films,  the  EXAFS  ana¬ 
lysis  will  enable  the  structural  determination  of  the 
rare  earth  crystallographic  site. 

The  fluorescence  spectra  of  ZnS : Tm^4 ( 1 . 2%)  at 
77K  exhibit  a  complex  structure  which  has  been  sepa¬ 
rated  by  site  selective  excitation  into  two  indivi¬ 
dual  components.  One  of  these,  characterized  mainly 
by  the  20906  cm'^  *G^ — line,  has  already  been 
identified  for  different  dopings  in  identical  powders 
.2)  and  in  ZnS  crystals  (3,4).  As  it  is  observed 
since  the  earlier  stages  of  the  subtitution,  this  fea¬ 
ture  has  been  attributed  to  Tm-*4  substituting  Zn  on 
undistorted  sites.  The  second  spectrum  is  characteri¬ 
zed  by  wider  lines,  the  main  of  which  peaks  at  20726 
cm”*-.  It  presents  certain  similarities  with  the  so- 
called  A  center  observed  in  Ref.  3,  but  is  attribu¬ 
table  to  Tm^4  in  a  center  proper  to  our  samples. 
Whatever  the  structural  characteristics  of  this 
site,  the  lines  occur  at  the  same  positions  than  the 
vibronic  sidebands  previously  discussed  in  Ref. 2  as 
well  as  in  Ref. 4.  The  superposi t ion  of  several  fea¬ 
tures  in  the  same  wavelength  region  could  well  be 
the  origin  of  the  high  apparent  Huang-Rhys  factor 
found  experimentally  for  these  compounds. 

In  conclusion,  this  work  is  an  attempt  to  use 
both  EXAFS  and  optical  absorpt i on/ emi ss ion  experi¬ 
ments  to  investigate  the  structural  organisation  of 
the  active  centers  in  ZnS  Tm*4  powders.  EXAFS  and 
optical  absorption  conclude  consistently  to  the 
occurrence  of  thulium  oxysulfide  as  the  major  thulium- 
containing  phase.  On  the  reverse,  there  is  no  indica¬ 
tion  from  the  emission  data  of  an  "oxysulf ide-type" 
fluorescent  cluster  in  the  samples.  The  actual  propor¬ 
tion  of  optically  active  Tm-*4  ions  in  ZnS  is  then  by 
far  smaller  than  the  initial  1.2%.  The  emission  spec¬ 
trum  of  this  sample  exhibits  more  or  less  complex 
features  that  have  been  separated  into  two  individual 
spectra.  One  center  has  been  detected  in  a  large  num¬ 
ber  of  ZnS  samples  and  attributed  to  substitutional 
Tm  Ions  on  Zn  sites.  It  may  be  considered  as  the  "in¬ 
trinsic"  Tm  center.  On  the  contrary  the  second  spec¬ 
trum  is  directly  linked  to  the  elaboration  conditions 
and  is  clearly  an  "impurity  center". 

(1)  Y.  CHARREIRE  et  al.  Mat.  Res.  Bull .  1 5  ,65 7(  19RO) 
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Flux  synthesis  of  Ys-OrS:  Eu'-*-*  phosphors  is 
well  known  .  However  control  of  the 
oxidation  of  the  phosphor  is  not  easy,  and 
our  X-ray  studies  on  oxisulfides  have  shown 
that  the  lattice  of  Ys-Oa-S  is  modified  in 
presence  of  oxide:  the  c  parameter  of  the 
lattice  increases  suddenly  (fig.l><l> 


a  (•)  (X)  = 


pure  Y*0j.  pure  YsOaS 


Electron  paramagnetic  resonance  (E.P.R.5 
experiments  have  been  carried  out  on  the 
same  samples.  The  Ya-OaS:  Eu- "  spectra 
present  one  main  paramagnetic  effect. 

Ve  have  studied  this  defect  in  a  series 
of  Y?0a-S  powders  as  a  function  of 
preparation  conditions,  active  dopl ng  (Eu- ) 
and  treatments  on  prepared  phosphors.  The 
E.P.R.  spectra  were  taken  depending  on 
temperature  <300K.  .  .  4K)  and  at  two 
different  frequencies  (X-band,  Q-band). 

All  samples  show  the  same  paramagnetic 
defect, the  concentration  of  which  varies 
with  the  preparation  conditions.  From  its 
hyperfine  structure  and  g  tensor  <g<2>  we 
tentatively  assign  this  spectrum  with  a  F 
center.  This  defect  is  also  responsible  for 
an  absorption  band  in  the  near  UV  range, 
changing  the  color  from  white  to  light 
yellow.  On  the  Eu  doped  samples  no  evidence 
for  the  presence  of  Bunions  could  be 
detected.  Finally  wo  compared  the  native 
defects  in  YaO^S  powder  with  those  in  the 
Y:*q*  one:  no  such  paramagnetic  defect  was 
found  in  Yi-Q:*. 

This  behavior  leads  us  to  conclude  the 
existence  of  sulfur  anionic  vacancies  in 
the  oxlsulfide  lattices. 


(1>  :  to  be  publ ished . 


FIGURE  1:  YaOsS  parameters  evolution  as  a 

function  of  the  percentage  of  oxide 
in  the  as  prepared  phosphor. 


FIGURE  2:  B.P.R.  spectra  of  undoped  Y  0,-S 
powders  at  93  Gh2  (  T=  300K  >. 
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It  is  well  known  that  the  primary  defects,  produced  in  alkali 
halides  by  ionizing  radiation  at  low  temperatures  are  Frenkel  pairs, 
consisting  of  F  and  H  centers  [e.g.,  1,2].  Most  of  the  previous 
studies  concentrated  on  the  generation  of  point  defects  by 
polychromatic  radiation  such  as  x  or  i  rays.  In  a  recent  study  the 
generation  of  point  defects  by  monochromatic  x  and  near  uv 
radiation  at  80K  [3]  was  investigated.  In  the  present  work  the 
formation  of  point  defects  by  monochromatic  vacuum  uv  (vuv) 
radiation  at  about  6K  was  studied.  Methods  of 

thermoluminescence  (TL)  and  of  thermally  stimulated  conductivity 
(TSC)  were  applied  for  these  investigations.  The  relatively  high 
sensitivity  of  these  methods  enabled  us  to  detect  effects  of  the  weak 
monochromatic  radiation.  The  uv  excitation  spectra  of  the  TL  and 
TSC  were  measured  in  the  exciton  region  as  well  as  in  the  region  of 
band  to  band  transitions  and  revealed  information  on  defect 
formation,  which  could  not  be  detected  by  other  means  under 
similar  excitation  conditions. 

The  experimental  techniques  applied  for  these  investigations 
have  been  described  elsewhere  [4J. 

The  experimental  results  show  that  some  glow  peaks  appear 
mainly  after  uv  irradiation  with  photon  energies  corresponding  to 
band- to- band  transitions.  the  excitation  spectra  of  these  peaks 
follow  inversely  the  absorption  spectra  of  the  crystals.  Other  glow 
peaks  appear  after  irradiation  into  the  exciton  region  and  show 
excitation  maxima  at  the  low  energy  tail  of  the  first  exciton 
absorption  band.  In  figure  1,  the  TL  glow  curves,  excited  in  KBr 
by  vuv  radiation  are  given  Curve  a  -was  excited  by  irradiation 
into  the  first  exciton  band  (185  nm)  and  curve  b  -by  irradiation  in 
the  interband  region  (155  nm).  An  x-ray  induced  TL  curve  is 
given  for  comparison  by  curve  c.  Results  show  that  essentially  the 
same  glow  peaks  and  with  the  same  thermal  activation  energies 
appeared  after  x  as  after  uv  irradiation,  indicating  that  the  same 
defects  were  generated  by  the  different  irradiations. 

Measurements  of  the  temperature  dependence  of  the  radiation 
induced  absorption  bands  showed  that  the  thermal  decay  of  certain 
centers  coincides  with  the  appearance  of  the  main  TL  peaks.  This 
is  shown  in  figure  2,  for  KBr.  The  main  absorption  bands 
appearing  at  low  temperature  are  due  to  o,  F,  I  and  H  centers.  It 
is  known  that  I  and  H  centers  in  KBr  become  mobile  at  about 
20K  and  45K,  respectively  [5).  The  TL  glow  peaks  appearing  in 
this  temperature  region  are  attributed  to  the  recombination  of  these 
centers  with  a  and  F  centers.  Our  results  show  that  the  x- induced 
glow  peaks  near  20K  are  somewhat  broader  then  the  uv  induced 
peaks  in  this  region  and  seem  to  be  composed;  they  also  appear  at 
slightly  lower  temperature.  The  thermal  activation  energy, 
measured  at  the  rise  of  the  x- induced  glow  peak  was  found  to  be 
0.018  ev.  This  value  fits  the  energy  of  the  first  stage  of  thermal 
induced  recombination  of  close  Frenkel  pairs  [5].  The  energy 
measured  for  the  uv  induced  peak  near  28K  was  0.06  ev;  this 
value  equals  the  energy  required  for  free  motion  of  Br  interstitials. 
These  results  indicate,  that  by  the  uv  radiation  only  distant 
sepe rated  Frenkel  pairs  are  generated,  while  by  x-rays  also  close 
pairs  are  formed.  This  conclusion  is  supported  by  our  finding  that 
the  uv  induced  peaks  are  of  second  order  kinetic^.  Similar  results 
were  obtained  for  the  other  investigated  alkali  halide  crystals.  Some 
of  the  TL  glow  peaks  were  also  accompanied  by  TSC  peaks;  this  is 
shown  in  figure  3  for  KC1. 

TL  emission  spectra  were  measured  as  well.  Some  emission 
bands  are  due  to  casual  impurities  in  the  nominally  pure  samples. 
However,  the  main  TL  emission  bands  were  found  to  be  identical 
with  the  intrinsic  STE  emission  bands,  appearing  in  the  low 
temperature  photoluminescence  of  crystals.  This  finding  indicates 
that  the  thermally  stimulated  recombination  of  (he  Frenkel  pairs 
leads  to  the  formation  of  self  trapped  excitons  in  an  excited  state. 
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Fig.  1:  TL  glow  curves  excited  in  KBr  at  6K  by: 

Ca)  vuv  radiation  of  185  nm. 

Cb)  vuv  of  155  nm,  (c)  x-rays  & ,40Kvp, 15ma)  . 


Fig.  2:  Absorption  Spectra  of  x-irradiated  KBr  at  11K. 

The  curves  were  recorded  at  UK  after  heating 
to  various  temperatures  and  re  coo  ling. 
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Fig-  3:  TL  glow  curve  of  KC1  excited  at  6K  by  vuv 
radiation  of  (a)  162  nm,  (b)  120  nm  and 
(c)  TSC  glow  curve  excited  by  162  nm. 
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The  technological  importance  of  transparent  materials  containing 
rare  earth  impurities  continues  to  expand  dramatically.  Not  only  do 
they  comprise  an  established  and  widening  class  of  efficient  solid 
stare  laser  media,  but  they  are  finding  new  applications  as  dopants  in 
optical  fibers,  semiconductor  light-emitting  devices  and  biological 
molecules.  The  4fN  -*4^  transitions  responsible  for  the  rich  variety 
of  sharp  optical  absorption  and  emission  lines  in  the  spectra  of  these 
materials,  though  parity-forbidden  in  free  ions,  acquire  finite 
intensities  at  noncentrosymmetric  crystalline  or  molecular  sites,  in 
which  opposite-parity  excited  configurations  become  slightly  mixed 
into  4fN.  Twenty-five  years  ago,  Judd*  and  Ofelt^  developed  a 
quantitative  theory  involving  simple  configuration  mixing  caused  by 
a  static  noncentrosymmetric  crystal  field,  which  remains  the 
standard  method  for  analysing  observed  rare  earth  transition 
intensities^.  Nevertheless,  significant  revisions  to  this  basic  theory 
have  sometimes  been  required  in  order  to  account  for  anomolous 
transitions  which  acquire  a  major  fraction  of  their  intensity  from 
other  mechanisms. 

In  this  paper  we  make  use  of  recent  findings  in  two-photon  rare 
earth  absorption  spectroscopy4  to  introduce  and  evaluate  another 
significant  revision  in  the  analysis  of  one-photon  rare  earth  transition 
intensities.  Specifically,  we  re-examine  the  class  of  AS  =  1 
transitions  which,  although  spin-forbidden  in  the  L-S  coupling 
limit,  comprise  more  than  half  the  observed  trivalent  lanthanide 
optical  transitions.  Prominent 8 S7/2  -»6Pj,  6Ij,  6Dj,  lines  in 
Gd3*  and  7F0  5Dj,  5Lj,  5Hj,  5Kj  lines  in  Eu3+ provide  examples  of 
such  transitions.  Conventional  analyses^  account  for  the 
observed  intensities  of  such  transitions  by  using  initial  and  final  state 
wave  functions  in  the  "intermediate  coupling"  approximation,  in 
which  a  strong  spin-orbit  interaction  within  the  4fN  configuration 
mixes  states  with  different  total  spin  S  into  the  true  energy 
eigenfunctions.  Such  wave  functions  have  been  accurately 
calculated  and  extensively  tabulated^  based  on  energy  level  fits 
throughout  the  trivalent  lanthanide  series.  Thus,  for  example,  the 
spin- forbidden  7F0~»5D2  transition  in  Eu3+  acquires  its  intensity 
through  linkages  such  as: 

((*  I  »so  If6  5DbX«*  5Do»  E'D  5D|)(^d  SD ,|  VCF  *D2 ),  (1 ) 

where  the  spin-orbit  operator  Hso  links  L-S  coupled  states  of 
differing  spin  within  the  4f*  configuration,  and  E*D  and  VCF 
denote  electric  dipole  and  noncentrosymmetric  crystal  field 
operators,  respectively,  which  link  4f*  states  to  states  within 
opposite  parity  excited  configurations. 

This  simple  use  of  intermediate  coupled  wave  functions, 
however,  neglects  another  type  of  linkage  between  initial  and  final 
states  of  differing  spin,  namely  one  in  which  the  spin-orbit 
interaction  acts  within  the  slightly  admixed  excited  configurations. 
An  example  of  one  such  linkage  for  7F0  -+  5D2  is 

Cf* 7F0 )  E.D  |f5d7F,)(f5d  7F(|  Hso  lf*d  3D,|  VCT  |f« 

where  Hso  acts  within  the  opposite  parity  excited  configuration  f^d 
instead  of  f*.  Although  Wyboume^  suggested  the  possible 
importance  of  these  linkages  in  1968,  neither  Wyboume  nor 
subsequent  investigatt»rs  ever  introduced  them  into  any  quantitative 
intensity  analysis.  Our  motivation  for  doing  so  now  stems  from 
recent  studies  of  two- photon  spin- forbidden  transitions  in  several 
trivalent  rare  earth  ions4.  The  formal  treatment  of  such  two-photon 
transitions  closely  parallels  that  of  forced  electric  dipole  onc-photon 
transitions®,  differing  only  in  that  a  second  electric  dipole  operator 
replaces  the  noncentrosymmetric  crystal  field  operator.  Two-photon 
results  have  established  that  linkages  analogous  to  (2)  frequently 
rival,  and  sometimes  dominate,  linkages  analogous  to  (1).  The 


Judd-Ofelt  analysis  predicts  relative  two-photon  line  strengths 
rigorously,  without  phenomenogical  parameters4.  Thus  the  strong 
disagreement  between  observed  intensities  and  theoretical 
predictions  based  only  on  linkages  such  as  (1)  could  therefore  not  be 
rationalized  readily.  By  contrast,  conventional  Judd-Ofelt  analysis 
of  one-photon  electric  dipole  transitions  requires  three 
phenomenological  parameters,  proportional  to  radial  integrals,  in 
fitting  observed  intensities.  Such  a  procedure  can  easily  mask  the 
role  of  linkages  such  as  (2)  through  an  appropriate  choice  of 
parameters.  However,  the  ratio  of  new  contributions  (2)  to  standard 
contributions  (1)  can  be  calculated  without  phenomenological 
parameters,  allowing  the  importance  of  these  new  contributions  to 
be  evaluated  unambiguously.  This  is  true  because  uncalculated 
crystal  field  terms  vCF.  which  are  included  in  the  empirically  fitted 
Judd-Ofelt  parameters,  act  identically  in  linkages  (1)  and  (2). 
Furthermore,  these  new  terms  can  be  incorporated  into  a  revised 
Judd-Ofelt  analysis  of  observed  intensities,  with  previously  reported 
empirical  parameters  modified  to  accommodate  new  contributions. 

The  absorption  spectra  of  Gd3*  and  Eu3+  were  selected  for 
indepth  analysis  because  the  ground  state  for  Gd3+  (*S7^ )  has  L=0 
and  for  Eu3+  ^Fq)  has  J=0,  greatly  reducing  the  number  of  nonzero 
matrix  elements  which  have  to  be  calculated.  Results  of  our 
calculations  are  summarized  in  Tables  1  and  2.  The  particular 
transition  and  its  experimentally  measured  oscillator  strength  are 
given  in  the  first  two  columns  of  each  table,  while  the  next  columns 
portray  first  order  magnetic  (where  present)  and  second  order 
electric  dipole  contributions,  respectively,  calculated  by  Camall  et 
at*  Results  of  our  new  calculations  are  presented  in  the  final 
columns,  where  the  first  number  is  the  unmodified  magnetic  dipole 
contribution  (where  present),  the  second  is  the  standard  second 
order  term  using  revised  empirical  parameters  and  the  third  is  our 
newly  calculated  third  order  contribution.  Both  the  original 
parameters  and  our  revised  parameters  are  given  at  the  bottom.  In 
comparing  calculated  with  experimental  oscillator  strengths  in  these 
Tables,  the  numbers  under  each  major  heading  for  any  particular 
row  should  be  summed,  since  each  column  represents  an  individual 
term.  The  most  striking  success  of  this  re-analysis  is  our  quantitative 
account  of  the  previously  unexplained  *P3(,2  intensity,  where  the 
worst  second  order  fit  now  becomes  the  best  fit.  In  the  other 
transitions,  the  third  order  contribution  is  often  greator  than  20%  of 
the  total  line  strength.  Nevertheless,  we  find  that  a  systematic 
revision  of  previously  extracted  Judd-Ofelt  parameters  allows  us  to 
accommodate  these  substantial  new  contributions  without  sacrificing 
the  quality  of  agreement  between  calculated  and  observed  intensities. 
It  should  be  emphasized  that  experimental  oscillator  strengths  for 
several  transitions  shown  in  Table  2  are  not  available  because  of 
severe  line  broadening,  crowding  of  spectral  lines  and  other 
experimental  factors  which  have  made  extraction  of  reliable 
oscillator  strengths  difficult  or  impossible^. 

It  is  highly  likely  that  third  order  terms  contribute  substantially  in 
other  lanthanide  ions.  It  would  be  particularly  interesting  to  examine 
lanthanides  in  which  spin-allowed  (AS  =  0),  as  well  as  spin- 
forbidden  (AS  £  1),  transitions  occur.  In  these  cases  new  third 
order  contributions  should  selectively  modify  calculated  line 
strengths  of  only  the  spin- forbidden  transitions. 
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Table  1:  Experimental  and  calculated  transition  line  strengths  Table  2:  Experimental  and  calculated  transition  line  strengths 

for  Gd3+.  for  Eu3+. 


Transition  Exp.8 

Previous  Calc.a 
Mag.  Elec. 
Dipole  Dipole 

Our  Calculations 

Mag.  Elec.  Dipole 

Dipole  Standard  New 

Transition 

Experimental8 
Elec.  Dipole 

Previous 
Calc>b 
Elec.  Dipole 

Our  Calculations^ 
Elec.  Dipole 
Standard  New 

73 

55 

13 

55  10 

4 

5D 2 

2.1 

2.1 

5.5 

-3.4 

41 

31 

5 

31  4 

3 

<6 

177 
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219 
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1.4 

(0.2) 

0.2 

1.2 

<52 

... 

(1.9) 

5.0 

0.3 

121 

112 

142 

-29 

5G0,6 

43 

56 

68 

-23 

6*9/2,n/2 

845 

877 

mi 

-233 

SD4 

17 

17 

19 

-2 

^11/2,13/2,15/2 

1914 

1918 

2431 

-514 

5Hi 

... 

(23) 

26 
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78 

93 

74 

18 

73 

80 

98 

-4 
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82 

8 
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27 

'"‘72 

... 

(1.6) 

4.2 

2.0 

<57i2 

121 

149 

113 

38 

(64) 

72 

34 

^M.l  1/2J/2 

903 

765 

582 

181 

<4 

01) 

12 

-5 

«hn. 
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14 

4 

<6 

... 

(27) 

33 
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91 

22 

19 

23 
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The  time  dependence  of  of  the  decay  of  delayed  luminesc¬ 
ence  L(t)  in  solids  has  received  considerable  attention 
over  several  decades  and  there  is  ample  experimental  evid¬ 
ence  relating  to  the  behaviour  of  many  materials.  There 
is  a  widespread  impression  that  this  time  dependence 
should  be  exponential  ,  presumably  deriving  from  the 
simple  model  of  non-interacting  excited  centres.  This  is 
clear  from  the  frequent  habit  of  plotting  the  data  semi- 
logarithmically,  even  though  the  resulting  graphs  are 
manifestly  not  straight  lines.  Some  authors  do,  in  fact 
plot  their  data  in  logL  -  log/  and  obtain  power-law  be¬ 
haviour  of  the  form 

(1) 

where  the  exponent  k  is  in  the  range  (0,1),  at  times  long 
compared  with  the  excitation  time,  while  the  exponent 
becomes  -k  at  short  times. 

A  wide-ranging  review  of  experimental  data  [1]  has  estab¬ 
lished  the  applicability  of  eqn  (1),  in  some  cases  by  re¬ 
plotting  in  log-log  representation  data  given  in  semi-log 
form,  in  all  situations  in  which  delayed  luminescence  is 
involved  with  trapping  of  the  initially  excited  electrons 
in  intermediate  deep  levels  before  their  final  relaxation  in 
the  luminescent  centres.  Exponential  time  dependence, 
generally  on  a  much  shorter  time  scale,  has  only  been 
seen  in  prompt  luminescence  where  the  excited  electron 
drops  back  to  its  ground  state  within  the  same  centre. 

Many  explantions  have  been  proposed  in  the  literature 
for  these  deviations  from  the  ideal  form  of  exponential 
time  dependence.  The  classical  bimolecular  recombina¬ 
tion  process  would  give 

LfD^ft+tJ'1  (2) 

which  is  not  in  agreement  with  the  majority  of  the  data, 
particularly  as  it  is  never  seen  at  the  beginning  of  the  de¬ 
cay  where  it  would  be  most  likely  to  occur.  Several 
models  are  reviewed  in  [1],  including  tunnel  recombina¬ 
tion  between  neighbouring  sites  and  combinations  of  dif¬ 
fusion  and  tunnelling. 

A  specifically  many-body  argument  for  the  fractional  po¬ 
wer  law  (l)  has  been  proposed  by  Dissado  [2]  who  in¬ 
vokes  fractal  trapping  processes. 

Our  own  explanation  for  this  generally  observed  type  of 
behaviour  of  delayed  luminescence  invokes  the  otherwise 
known  property  of  trapping  processes  in  semiconductors 
[3]  that  the  decay  of  polarisation  arising  from  charge 
trapping  follows  the  same  power  law  as  eqn  (1)  and  this 
is  attributed  to  interactions  arising  between  the  various 
deep  traps.  The  basic  proposition  is  illustrated  schemati¬ 


cally  in  Figure  1  showing  a  set  of  identical  trapping  le¬ 
vels  which  are  neutral  when  “empty”  and  negatively  char¬ 
ged  when  occupied  by  electrons.  The  consequence  of 
trapping  of  an  electron  is  a  polarisation  of  the  surround¬ 
ing  medium  through  slight  adjustment  of  the  occupancy 
of  neighbouring  centres,  resulting  in  a  lowering  of  the 
energy  by  an  amount  A  .  The  result  of  this  is  that  the 
energy  required  to  liberate  the  carrier  from  the  trap  is  in¬ 
creased  by  A  in  comparison  with  the  energy  gained  in  the 
trapping  process.  The  consequence  of  this  constant  loss 
of  energy  per  reversal  of  trapping  is  analogous  to  the 
“universal”  frequency-domain  response  of  dielectrics  [4], 
the  Fourier  transform  of  which  into  the  time  domain 
gives  equation  (1). 

The  exponent  k  in  this  relationship  is  directly  related  to 
the  energy  A.  Although  there  is  at  present  insufficient 
information  to  develop  a  more  quantitative  theory  of 
these  phenomena,  the  connection  with  semiconductor 
trapping  processes  may  provide  an  important  guide  to  the 
most  profitable  direction  of  resesarch. 

The  proposed  model  is  shown  in  Figure  2  with  one  or 
two  trapping  levels.  External  generation  rate  g(t)  pro¬ 
duces  bee  electrons  which  are  rapidly  trapped  .The  result¬ 
ing  dispensation  rate  of  detiapped  electrons  g(t)  on  sudden 
removal  Of  a  steady  generation  rate  is  assumed  to  follow 
a  power  law  h(/j  “  r*  .In  the  case  of  finite  duration  T  of 
excitation,  the  decay  of  luminescence  follows  a  r*  law 
for  t  «T  and  r*'1  for  /  »T  .  The  latter  is  normally  seen 
experimentally. 

It  may  be  argued  that  reference  back  to  frequency-domain 
response  Of  dielectrics  does  not  represent  a  legitimate  ap¬ 
proach  to  the  interpretation  of  the  decay  of  luminescence. 
While  we  do  not  accept  this  as  a  valid  criticism,  it  would 
be  interesting  to  measure  the  frequency-domain  response 
of  luminescence  under  alternating  light  excitation.  This 
should  provide  direct  evidence  for  the  validity  of  the  ap¬ 
proach  and  might  also  give  further  insights  into  the  be¬ 
haviour  of  luminescence. 
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Figure  1 

The  effect  of  screening  on  the  energy  W  of  occupied 
trapping  levels  (filled  contours)  relative  to  the  unoccu¬ 
pied  ones  (open).  The  upper  and  lower  diagrams  refer  to 
consecutive  hopping  transitions  in  opposite  senses  and 
they  are  not  on  the  same  energy  scale.The  energy  differ¬ 
ence  A  is  expected  to  be  affected  by  the  density  of  the  in¬ 
teracting  centres.  Arrows  indicate  electronic  transitions. 
From  Ref  [3]. 


Figure  2 

A  model  of  delayed  luminescence  involving  deep  traps, 
(a)  shows  the  case  of  a  single  set  of  trapping  states  T 
which  capture  electrons  excited  by  the  external  generation 
rate  g(t)  via  a  prompt  recombination  process  y  -g(t). 
The  trapsT  then  dispense  the  trapped  carriers  at  at  rate 
v(i)  into  the  conduction  band  from  where  they  make 
-rompt  transitions  into  the  luminescent  centres  L,  result- 
g  in  a  luminecent  intensity  L(t)  =v(i).  F-B  refers  to 
tree-io  bound",  B-B  to  "bound-to-bound”  transitions.  A 
more  complicated  system  is  shown  in  (b)  with  another 
level  of  traps  Tl  and  two  delayed  transitons  rates  v,(r) 
and  v.,(i).  The  open  arrows  indicate  prompt  transitions. 
From  Rcf.fl] 


Figure  3 

A  schematic  representation  of  the  excitation  and  response 
of  a  trapping  system  characterised  by  a  response  func¬ 
tion  h(t)  assumed  to  be  a  power-law  in  time.  The  upper 
diagram  shows  a  square-wave  generation  rate  g(ri  of  dura¬ 
tion  T  and  also  an  exponential  rate  expf-i/T)  shown  by 
the  broken  line  in  log-log  representation,  to  bring  out  its 
similarity  to  a  square  pulse.  The  lower  diagrams  show 
the  dispensing  rate  from  traps  vfr)  ,  during  the  generauon 
pulse  in  the  left  diagram,  and  after  the  cessation  of  gen¬ 
eration  in  the  right  diagram,  where  the  variable  u  -  t  -  T 
measures  the  time  since  that  instant.  A  change  in  the  rate 
vfr)  occurs  near  r  =T  from  r*  to  r*'1  and  the  latter  law 
is  often  seen  in  the  decay  of  luminescence. 
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Exposure  of  MgS:Eu,Sm  (band  gap  -  5.4eV)  to  UV 
radiation  causes  band  to  band  transitions,  i.e.,  the 
electrons  are  excited  from  the  valence  band  to  the 
conduction  band.  Some  of  these  electrons  from  the 
conduction  band  are  subsequently  captured  by  the  Sm3+ 
ions  forming  Snr+  ions.  When  optically  stimulated  by 
a  1.06  un  Nd:YAG  laser,  the  trapped  electrons  at  Sm3* 
ions  recombine  with  the  holes  trapped  at  the  Eu2+  ions 
resulting  in  a  characteristic  Eu2+  broad  emission. 
Mechanisms  of  the  stimulated  luminescence  and  the 
charge  trapping  have  been  explained1,2  with  a  model 
for  an  UV  irradiated  MgS:Eu,Sm  sample.  However,  the 
optically  stimulated  luminescence  (OSL)  has  also  been 
observed  in  this  material  subsequent  to  exciting  the 
sample  with  room  light,  i.e.,  this  material  can  be 
"charged"  with  room  light  which  does  not  cause  band  to 
band  transitions.  This  characteristic  of  this  mate¬ 
rial,  although  very  attractive  for  its  commercial  uses 
as  1R  laser  sensors,  is  not  well  understood.  In  this 
paper,  we  explain  this  phenomenon. 


We  have  made  a  series  of  OSL  studies  subsequent 
to  exposing  the  sample  to  350-650nm  light  selectively. 
It  has  been  observed  that  500nm  light  generates  the 
most  intense  OSL.  Figure  1  shows  the  OSL  after  the 
sample  is  exposed  to  500nm  light  for  5  minutes  and  an 
hour.  The  Euz+  absorption  involves  a  4f-5d  transition 
and  the  5d  level  in  0h  symmetry  splits  into  the  en  and 
t2o  leveJs*  Therefore.  Eu2+  absorption  h 
sTtions  8S11/?  (4f)  ♦  h  (5d)  and  8$n/? 

{ 5d )  which  are  observed  as  broad  bands  near  260  and*' 
480nm  in  MgS:Eu,$m.  An  exposure  to  420-540nm  light 


has  two 
^11/2 


e  anu 

tran- 

*  s 


„2+ 


from 


c2g 


excites  the  electrons  to  the  to  levels  of  Eu^ 
where  they  tunnel  to  the  Sm3+  ions.  Since  the  t9 
level  is  below  the  e  level  and  far  below  the 
conduction  band,  theytunneling  from  Eu^+  $m3 
appears  to  be  the  only  mo^e  of  electron  transfer  when 
excited  by  visible  light. 


„3+ 


The  electron  transfer  from  Eu2+  to  Sm3  +  ions  can 
also  be  seen  from  our  results  of  the  bleaching  experi. 
meats.  Figure  2  shows  the  bleaching  of  the  Eu^+  and 
Sm3+  emissions  by  continuous  irradiation  of  500nm 
light.  This  indicates  that  the  electrons  are  trans¬ 
ferred  from  Euz+  to  Sm3+  ions  reducing  the  intensity 
of  both  emissions. 


We  have  also  observed  that  increasing  the  concen¬ 
tration  of  the  Sm3+  ions  decreases  the  intensity  of 
the  Eu2+  emission  excited  by  480nm  light.  This  again 
supports  our  view  that  the  electrons  tunnel  from  the 
1 2 g  level  of  the  Eu2+  ions  to  the  Sm3*  ions,  thus 
quenching  the  intensity  of  the  Euz+  emission. 
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SPECTROSCOPYY  OF  DISORDERED 

CdS.  Se  MIXED  CRYSTALS 
1-x  x 
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Physikalisches  Institut  der  Universitat, 
Robert  Mayer  Str.  2-4, 
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Various  spectroscopic  techniques  like  lumi¬ 
nescence  excitation  spectroscopy  gave  strong 
evidence  that  localized  exciton  levels  exist 
in  weakly  disordered  mixed-crystals  like 

CdS,  Se  [1]  .  Localization  is  due  to  flue- 
1-x  x 

tuations  in  the  composition  x  which  in  turn 
result  in  fluctuations  of  the  width  of  the 
forbidden  gap  on  a  microscopic  scale.  We 
carried  out  various  experiments  like  photo- 
luminfcocence  spectroscopy  under  cw,  ns,  and 
ps  pulsed  excitation  and  spectroscopy  with 
the  pump  and  probe  beam  technique.  For  low 
lattice  temperatures  <5K  ,<  £  70K)  we 

find  in  all  experiments  considerable  devia¬ 
tions  of  the  optical  properties  of  the  mixed 
crystals  in  the  composition  range 
0,03  <  x  <  0.8  as  compared  to  the  pure  con¬ 
stituents  x=0  and  x=l: 

the  spectral  width  of  the  zero-phonon 
luminescence  bands  is  much  bigger  than 
tl  •  of  bound  excitons  in  pure  crystals 
[1.21 

the  LO  phonon  replica  are  much  more  pro¬ 
nounced  [1,2] 

the  temporal  behavior  of  the  leading  and 
trailing  edges  of  the  luminescence  after 
ps  excitation  depends  in  the  mixed 
crystals  strongly  on  the  photon  energy 
and  the  decay  is  non-exponential  in  con¬ 
trast  to  pure  materials  [3,4] 

the  shape  of  the  optical  gain  spectra  is 
narrower  and  more  peaked  in  mixed  cry¬ 
stals  as  compared  to  the  gain  spectra  of 
an  electron  hole  plasma  which  is  ob¬ 
served  in  pure  materials  under  identical 
excitation  conditions  [2,4.5].  Further¬ 
more  there  is  a  blue-shift  of  the 
absorption  edge  in  the  mixed  crystals 
and  a  red-shift  in  the  pure  consti¬ 
tuent  s  . 

All  the  above  findings  can  be  explained  con¬ 
sistently  with  tiie  assumptions  that  the  opti¬ 
cally  excited  electron-hole  pairs  relax  ra¬ 
pidly  into  localized  exciton  states  that 
bc*h  the  relaxation  and  recombination  get 
slower  with  increasing  localization  depth  and 
'ha*1  mar.y  -  par  t  i  c  1  e  and  renormalization  et- 
fe  os  of  high  density  t-leotro r«-  hole  pans  are 


much  less  pronounced  in  the  localized  levels 
than  in  extended  ones. 

For  temperatures  above  70K  the  optical  pro¬ 
perties  of  the  mixed  crystals  approach  those 
of  the  pure  materials  i.e. 

the  spectral  width  of  the  zero  phonon 
bands  decreases  by  almost  a  factor  of 
four  between  60K  and  70K 

the  luminescence  kinetics  become  inde¬ 
pendent  on  photon  energy  [4] 

the  shape  of  the  gain  spectra  becomes 
similar  to  the  ones  due  to  an  electi  * 
hole  plasma;  there  is  now  also  a  re<-  - 
shift  of  the  absorption  edge  under  exci¬ 
tation  for  T  up  to  £  150  K  and  a  blue-- 
shift  above  as  in  CdS  or  CdSe  [6J 

All  these  phenomena  can  be  explained  con¬ 
sistently  with  the  assumption  that  a  consi¬ 
derable  fraction  of  the  localized  excitons 
are  thermally  reexcited  into  extended  states 
above  the  mobility  edge  for  temperatures 
above  T  i  70  R.  This  value  of  Tc  nicely 

agrees  with  the  tail  parameter  of  the  ex¬ 
ponential  tail  of  the  density  of  localized 

states  of  (  i  4.2  meV  [4]  due  to  the  rela- 
o  — 
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INDUSTRIAL  APPLICATIONS  OF  RARE 
EARTHS  LUMINESCENCE  : 

ROLE  OF  STARTING  MATERIALS 


!  p.  Maestro,  P.  Plaza,  R.  Fitoussi 

Rhone  Poulenc  Rechercbes  14  Rue  des 
Gardinoux  93308  Aubervilliers  Cddex 
-  FRANCE 
i 

The  oustanding  properties  of  rare 
earths  in  the  field  of  luminescence 
have  been  known  and  studied  from  the 
begining  of  20th  century  ;  however  the 
first  industrial  application  only  came 
'  into  sight  in  the  late  sixties  with  the 

i  use  of  yttrium  -  europium  based 

phosphors  as  the  red  component  in 
l  color  picture  tubes  (1). 

Since  then  the  use  of  rare  earths 
phosphors  did  not  stop  spreading  out, 
along  with  the  efforts  of  rare  earth 
separation  industry  to  challenge  the 
very  high  purity  requirements  for 
industrial  productions  (2). 

The  physics  of  rare  earths 
luminescence  have  been  extensively 


described  (3),  and  rare  earths  have 
proved  to  be  useful  either  as  the  host 
(Y3  +  ,  La^  +  ,  Gd3+  and  Lu3  +  ),  or  as  a 
sensitizer  (e.g.Cc^  +  ),  or  as  the 
activator  (owing  to  f-f  or  d-f 
transitions).  The  unique  character  of 
the  optical  properties  obtained  from 
the  transitions  involving  deep  f 
energy  levels  combined  with  the 
stability  of  rare  earth  based 
phosphors  under  the  severe  working 
conditions  in  such  devices  as  CPTs  or 
mercury  vapor  lamps  have  been  the 
reasons  for  an  extensive  use  as  soon  as 
industrial  productions  became 
possible. 


To  day,  rare  earths  based  phosphors 
appear  strongly  as  essential 
components  in  a  variety  of  every  day 


devices  like  color  TV  sets,  fluorescent 
lamps  or  X  ray  intensifying  screens, 
as  illustrated  in  table  I.  On  the  other 
hand,  more  professional  uses  are 
developing  in  lasers,  viewing  displays 
(professional  CPTs,  flat  panel 
displays,...),  photo  stimulated 
luminescence  or  dosimetry. 
Economical  aspects  of  this 
development  will  be  illustrated. 

These  developments  have  induced  a 
strong  demand  for  more  and  more 
efficient  phosphors  and.  as  a 
consequence,  for  an  ever  increasing 
quality  rare  earth  oxides  involved  in 
the  synthesis.  By  the  way  purity, 
although  remaining  an  essential 
parameter  for  the  obtenlion  of  good 
quality  phosphors  is  no  more  the  only 
one,  and  such  criterion  as  reactivity 
has  to  be  strongly  taken  into  account, 
involving  morphology  as  well  as 
prereaction  state  of  the  raw  material. 
Thus  the  control  of  such  parameters 
have  become  a  major  concern  in  Rhone 
Poulenc,  as  a  rare  earths  supplier 
willing  lo  provide  powders  with 
optimum  characteristics.  As  an 
illustration,  the  influence  of  the  use 
of  mixed  oxides  on  the  pertinent 
luminescent  properties  of  the 
phosphors  will  be  discussed,  taking 
into  account  both  physical  and 
chemical  aspects  in  the  reaction. 
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TYPE  OF  APPLICATION 

AND  PHOSPHORS  INVOLVED 

PRACTICAL 

ADVANTAGES 

Color  TV  sets  (4) 

Y202S  :  Eu3+ 

Brightness 
sod  linearity 

Fluorescent  lighting  (5) 

B«MgAI|QO|7  '  + 

Sr  chloroapatile  Eu^  + 
CeMgAln019  :  Tb3* 

LsP04  :  Ce.  Tb 

Y203  :  Eu3* 

(Ce,  Gd,  Tb)  MgB50jQ 

YV04  :  Eu3+ 

Output 

and 

color  index 

X  Ray  intensifying  screens  (6 

Gd202S  :  Tb’+ 

UOBr  :  Tm3* 

Speed  and 
image  quality 

U 

YT.04  :  Tm3* 

Reducing  exposure 
times 

TABLE  I 


Abstract  No.  558 


SPECTROSCOPIC  PROPERTIES  OF  CHROMIUM  (III) 
IN  ZIRCONIUM  BARIUM  FLUORIDE  GLASS  ( ZBLA) . 
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Fluoride  glasses , based  on  zirconium 
fluoride  (Zr  Fi^ )  have  received  much 
attention  in  recent  years.  These  glasses 
have  a  wide  range  of  transparency  extending 
between  0.2  and  0.8  fim,  which  makes  them 
suitable  for  many  applications  in  the 
visible  and  near  infrared  as  optical  fibers 
and  efficient  laser  hosts. In  this  study  we 
evaluate  the  optical  absorption,  lumines¬ 
cence,  lifetimes  and  quantum  efficiencies 
of  Cr*in  ZBLA  glass,  of  composition 
57ZrFii  -  34BaFa.-  (5-x)LaF3-  4AIF3 -xCrF3 
x=0.05,  0.1,  0.5,  0.85  as  a  function  of 
temperature  and  excitation  wavelength. 

EXPERIMENTAL  RESULTS 

A)  Absorption  and  emission  spectra. 

Figure  1  shows  the  emission  and 
absorption  spectra  of  a  sample  with  x=0.85 
at  %  Cr**'  ions  obtained  at  liquid  nitrogen 
temperature  (LNT).  As  can  be  observed  the 
main  absorption  features  are  two  bands 
which  can  be  identified  as  the  vibronically 
broadened  transitions  , 

**T|(t2ea)‘* — **Aa  in  order  of  increasing 
energy.  The  low  energy  band  snows  fine 
structure  due  the  transitions  * — t*At  and 

2Tj* — .  The  assignment  of  this  structure 
has  been  made  following  the  Fano 
ant iresonance  interpretation  (1). 

A  summary  of  absorption  spectroscopic 
data  is  included  in  Table  I.  As  can  be  seen 
2E  —  UA2  does  not  present  any  variation 
with  temperature  showing  tne  intraconf igu- 
rational  nature  of  this  transition.  It  is 
also  wortn  noticing  the  low  field  character 
of  the  Cr,+ sites  in  ZBLA  glass. 

The  emission  measurements  were  made 
under  excitation  in  the  ^  absorption 

band  using  the  633  nr.  line  cf  a  CW  He -No 
laser.  A  broad  and  structureless  band 
centered  at  890  nm  is  observed  in  Figure  1 
It  corresponds  to  the  emission  and 

snows  a  very  strong  dependency  with 
temperature  (Figure  2). 

h )  Decay  Kinetic, 


The  decay  Kinetics  of  tne  bread  infrared 
omission  -f  a  sample  witr,  C.r-  at  <  Vr** 
was  studied  using  a  frequency  Lrjol * 


Table  III  shows  the  LNT  lifetimes  (long 
and  short  -  lived  components)  at  different 
emission  wavelengths  for  an  excitation 
wavelength  of  66 0  nm .  Table  IV  presents  the 
results  of  the  LNT  relative  quantum 
efficiency  (QE)  measurements  based  on  the 
integrated  intensity  of  the  normalized  decay 
curves.  The  measurements  were  made  on 
samples  of  0.1  and  0.5  at  %  Cr^  upon 
exciting  in  the  *,T*j« — absorption  band  and 
collecting  at  the  peak  of  the  emission  band. 
Photoacoust ic  measurements  performed  at  room 
temperature  give  a  value  of  0.1  absolute  QE 
of  the  x=0.85  at  %  Cr^+ sample. 

CONCLUSIONS 

From  the  above  results  the  following 
conclusions  can  be  reached; 

i)  The  Cr3*  ion  in  ZBLA  glass  have  a  very 
weak  crystal  field. 

ii)  The  luminescence  shows  a  strong  thermal 
quenching  in  agreement  with  the  temperature 
dependence  of  the  measured  lifetimes. 

iii)  The  two  components  observed  in  the 
fluorescence  decay  could  be  related  witn  two 
kinds  of  main  crystal  sites. 

iv)  The  LNT  measured  lifetimes  snow  a  very 
wea«  dependence  on  the  excitation  wavelength 
for  low  concentrations. 

v)  Quantum  efficiencies  at  room  temperature 
are  very  weak  in  accordance  with  the  strong 
thermal  quenching  cf  luminescence. 
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Charge  Transfer  Luminescence  in  Polysilanes 
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There  is  considerable  recent  interest  in  a  new 
class  of  saturated  long-chain  silicon  polymers 
(RlRoSOn,  where  Ri,R2  represent  alkyl  or  aryl 
groups.  The  importance  of  the  polysilanes  Btems 
mostly  from  their  potential  as  photoresists  but  the 
nature  of  the  optical  excitations  is  still  in  debate. 
We  concentrate  here  upon  the  emissive  properties  of 
the  materials,  which  have  received  comparatively 
little  attention!  1,2],  and  attempt  a  rationalization  of 
the  experimental  observations. 

Both  alkyl  and  aryl  substituted  materials,  in 
solution  and  in  thin  films,  have  a  single  sharp 
fluorescence  at  ”350  nra,  coincident  at  low 
temperature  with  the  first  absorption  maximum.  The 
polarization  of  this  band  has  led  to  the  conclusion 
that  it  is  associated  with  a  (acr*)  transition  of  the 
silicon  backbone!  1J.  In  addition,  in  the 

aryl- substituted  compound,  (PhMeSi)n,  a  very  broad 
emission  is  present  at  *430  nro[2l,  whose  intensity 
increases  dramatically  on  cooling  such  that  it 
dominates  the  spectrum  at  4  Kelvin.  This  band  is 
thought  to  arise  from  a  charge  transfer  state,  by 
analogy  with  the  luminescence  from  phenyldisilanes 
and  phenylethynyldisilanes[33.  The  direction  of 
charge  transfer,  from  silicon  to  phenyl,  would  create 
a  separated  electron-hole  pair  and  might  account  for 
the  observed  hole  photoconductivity  of 
polysilanes[4l. 

We  have  measured  luminescence  lifetimes  for 
these  dual  emissions  in  solution,  glass,  thin  film  and 
powder[5,6],  The  natural  radiative  lifetime  for  350 
nm  emission  is  found  to  be  *600  picoseconds[6). 
This  value  exceeds  that  predicted  from  the 
absorption  oacillator  strength  per  silicon  atom,  and 
implies  a  delocalization  of  the  (<ra*)  excitation  over 
perhaps  twenty  sites  on  the  silicon  chain.  Our 
fluorescence  depolarization  measuremnnlsf5J  indeed 
show  the  excitation  to  be  extremely  mobile.  In  some 
of  these  materials  the  observed  fluorescence  lifetime 
is  shorter  than  this  value.  In  solution  the 
alkyl-Bubstituted  compound  ( (n-C6Hl3)2Siln  ^a8  a 
lifetime  of  *150  ps,  which  we  have  attributed  to 
increased  non-radiative  decay  processes,  including 
photochemistry,  that  cannot  occur  in  crystalline 
media.  (PhMeSi)n.  however,  has  a  lifetime  of  70  ps 
[5]  in  all  condensed  media  investigated  and  the 
shorter  lifetime  of  the  excited  state  we  ascribe  to 
fast  transition  to  the  charge  transfer  state.  At 
elevated  temperatures  the  material  is  particularly 
photosensitive  and  bond  scission,  rather  than 
photoemission,  is  the  result  of  this  process. 


The  character  of  the  separated  electron- hole 
pair  state  differs  considerably  from  that  of  the 
(cto*)  neutral  excitation.  The  temporal  decay  of  the 
430  nm  luminescence  takes  place  in  the  nanosecond 
regime  but  is  highly  non-exponential,  both  in  thin 
film  and  glassy  media,  at  low  temperatures.  We 
treat  the  problem  in  terms  of  migration  of  the  hole, 
or  charge  separation,  under  the  influence  of  a 
multipolar  interaction,  along  a  one-dimensional 
chain. 
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NOVEL  TECHNIQUE  IN  THE  PREPARATION  OF 
Eu2*  DOPED  PHOSPHORS 

R.P.Rao  and  RJagannathan 
Central  Electrochemical  Research  Institute 
Karaikudi-623006,  India 

Trivalent  rare  earth  (RE)  ions  give  characteristic 
luminescence  whereas  divalent  RE  ions  give  emission 
bands  which  are  dependent  (due  to  4f°5d  electron) 
on  host  crystal  environment.  In  recent  years,  number 
of  phosphor  materials  with  divalent  Eu  have  been 
developed  and  are  being  used  in  various  applications 
such  as  lamps,  TV  screens,  x-ray  diagnostic  systems. 
Generally,  these  phosphors  are  prepared  at  high 
temperatures  in  presence  of  forming  gas  viz.  nitrogen 
with  2-10%  of  hydrogen.  But  in  the  present  investiga¬ 
tion,  the  firing  has  been  done  in  presence  of  carbon 
due  to  which  complications  in  reduction  process 
can  be  minimised.  The  phosphors  obtained  in  the 
present  technique  are  comparable  with  that  prepared 
from  conventional  methods  like  (N2+H2)  in  luminescent 

properties.  Eu^+  doped  phosphor  materials  such 
as  strontium  chlorophosphate  (SCP)  ,  barium-calcium 
aluminate  (BAL),  barium-magnesium  aluminate  (BAM), 
strontium-magnesium  aluminate  (SAM),  strontium-mag¬ 
nesium  silicate  (SMS)  and  barium  fluorochloride  (BFC1) 
have  been  prepared  and  studied  their  luminescent 
properties. 

Required  amounts  of  starting  chemicals  (3,9's) 
have  been  mixed  thoroughly  in  a  centrifugal  ball 
mill  and  placed  in  alumina  crucibles.  Crucible  contain¬ 
ing  the  mixture  has  been  placed  in  a  bigger  crucible 
and  the  space  between  the  two  is  filled  with  activated 
charcoal  (carbon).  The  firing  was  done  in  a  closed 
muffle  furnace  at  temperatures  ranging  from  800  to 
1300°C  for  one  to  four  hours.  After  crushing  the 
mass,  the  excitation  and  emission  spectra  have  been 
recorded  at  room  temperture  with  the  help  of  fluore¬ 
scence  spectrophotometer  (Hitachi  650-1  OS).  The 
color  coordinates  of  these  phosphors  have  been  found 
using  UV-VIS-NIR  Spectrophotometer  (Hitachi  U-3400) 
in  single  beam  mode.  The  results  obtained  in  this 
investigation  on  various  phosphor  materials  are  given 
in  Table  I.  Luminescence  data  shows  no  trace  of 

Eu  .  Carbon  monoxide  (CO)  formed  at  higher  tempe¬ 
ratures  may  be  responsible  for  the  reduction  of 

Eu^+  to  Eu  *.  From  the  results  it  is  concluded 
that  this  technique  can  be  used  fruitfully  in  the 

preparation  of  Eu^*  doped  phosphors. 


TABLE  I 

Luminescent  characteristics  of  some  Eu^+ 
doped  phosphors 


Sample 

*ext 

nm 

A 

em 

nm 

Half 

width 

nm 

Color  coordinates 
x  y 

SCP 

310, 

448 

36 

0.1528 

0.0277 

365 

BAL 

320 

420 

38 

0.1595 

0.1014 

BAM 

320 

450 

68 

0.1658 

0.2531 

SAM 

290, 

415 

28 

0.1669 

0.1573 

325 

SMS 

350 

460 

40 

0.1477 

0.0878 

BFC 

310 

388 

34 

0.2075 

0.0937 
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1 .  Introduction 

The  purpose  of  this  paper  is  to  study  the  lumi¬ 
nescence  properties  of  a  new  kind  of  material  pre¬ 
pared  from  thorium  phosphate  gel  medium  doped  with 
Mn^+,  Eu^+ ,  Tb3+,  U0|*  in  comparison  with  well  known 
conventional  materials  (aqueous  solution,  glass  and 
crystals) . 

2 .  Preparation  and  experimental  conditions. 

.  The  gels  have  been  prepared  from  a  thorium  ni¬ 
trate  solution  mixed  with  phosphates  anions,  acidi¬ 
fied  with  HNO3  (0.5  <  pH  <  1.0)  (1  -  3).  Under  these 
conditions,  we  have  obtained  a  very  transparent  mate¬ 
rial.  These  gels  have  been  doped  (about  10  %)  with 
MnCl2,  Eu(N03),  Tb(N03)3  and  U02(N03)2). 

.  By  heating,  we  observed  that  the  luminescence 
was  sensitive  to  the  drying  temperature  (4,  5).  At 
50°  C,  the  gel  becomes  liquid  after  loosing  about 
85  %  of  water  ;  if  drying  is  going  on  at  the  same 
temperature,  then  we  got  a  transparent  solid  state 
(called  xerogel) .  When  the  temperature  is  raised  from 
80®  C  to  950°  C,  this  xerogel  transforms  into  an  amor¬ 
phous  powdered  solid  and  in  4  hours  at  1050°  C  we  have 
obtained  a  crystalline  powdered  solid.  These  modifica¬ 
tions  have  been  investigated  by  X-rays  techniques. 

.  The  luminescence  excitation  of  these  ions  were 
performed  at  room  temperature  using  a  pulsed  nitrogen 
laser  (X  =  337.1  nm)  or  a  mercury  lamp. 

3.  Results. 

Under  the  drying  conditions  described  above,  we 
have  studied  the  luminescence  of  U0^+  and  F.u^+  ion  in 
this  material.  Under  U.V.  excitation,  gel  doped  with 
UO^4  exhibits,  at  room  temperature,  the  usual  green- 
yellow  emission.  The  intensity  of  this  fluorescence  is 
decreasing  when  the  temperature  is  increasing  up  to 
50°  C.  In  the  liquid  phase,  no  fluorescence  is  obser¬ 
ved.  But,  when  the  medium  is  transformed  into  solid 
state  (xerogel)  at  50-80°  C,  the  luminescence  inten¬ 
sity  is  very  important  and  the  decay  time  (t  =  300  us) 
is  twice  as  long  as  the  value  recorded  for  U0J-*  ion  In 
a  phosphate  solution  of  a  same  composition  buf  without 
thorium  (150  us).  Nevertheless,  when  the  temperature 
is  Increasing  from  80°  C  to  1050°  C,  the  fluorescence 
intensity  decreases  and  the  decay  time  of  the  powde¬ 
red  thorium  phosphate  is  smoothly  decreasing. 

3+ 

In  the  same  drying  conditions,  red  emission  of  Eu 
ion  in  thorium  phosphate  have  been  examined.  Compared 
to  Uo2+,  the  observed  behaviour  is  quite  different, 
luminescence  intensity  and  decay  time  are  both  increa¬ 
sing  with  temperature  thermal  treatment.  Decay  time 
in  xerogel  is  about  1 . 3  ms  and  2  ms  for  the  amorphous 
material.  For  these  values,  determined  at  ADD0  C  inten¬ 
sity  curve  peaked  up,  this  effect  Is  not  yet  interprc- 
t  ed . 

2* 

Mn  shows  a  very  week  emission  whatever  the  diffe¬ 
rent  types  of  solids  studied,  with  a  decay  time  of 
4.6  ms  in  the  crystalline  state. 

Tb^+  are  under  progress.  Preliminary  results  at 
137.1  nm  excitation  exhibits  an  intense  green  emission 
C»'«  -  and  487  nm>  which  is  great  t  for  the  crystal 
powder  compared  to  the  amorphous  one. 


In  general,  we  observed  a  broadening  of  the  emis¬ 
sion  with  the  importance  of  the  thermal  treatment, 
namely,  when  we  increase  the  temperature. 

As  the  thermal  treatment  is  determining,  several 
physical  methods  (DTA,  TGA,  NMR,  IR)  have  been  used  in 
order  to  correlate  the  chemical  state  of  the  material 
with  the  luminescence  intensity  observed.  We  can  con¬ 
clude  that  : 

.  Lost  of  water  is  an  endothermic  reaction  taking 
place  at  about  80°  C,  followed  by  a  vaporisation  of 
the  liquid  phase  which  is  still  endothermic. 

.  The  phosphate  ions  are  tightly  connected  to  the 
gel  network  in  a  gel  freshly  prepared,  but  as  the 
medium  becomes  dryer  the  phosphate  ions  are  more  and 
more  free.  The  water  behaviour  is  strictly  the  reverse 
In  the  liquid  phase,  both  phosphates  ions  and  water 
are  completly  free.  In  the  solid  phase,  xerogel  and 
amorphous  material,  they  are  both  tightly  bound, 

.  In  gel  medium,  the  type  of  phosphate  ions  are 
not  strictly  identified  by  IR  due  to  the  important 
broadening  of  the  bands,  but  as  the  medium  losses 
water,  the  typical  thorium  orthophosphate  spectrum  is 
observed  even  in  the  amorphous  solid  and  the  characte¬ 
ristics  X-rays  patterns  (monoclinic)  confirmed  on  the 
crystalline  product  the  presence  of  the  thorium  ortho¬ 
phosphate.  Taking  into  account  these  observations, 
few  comments  might  be  done  about  a  tentative  interpre¬ 
tation  of  the  luminescence  : 

-  in  the  pure  gel  medium,  luminescence  is  only  due  to 
the  luminescent  ions  complexed  by  phosphate  ions, 

-  in  the  xerogel,  which  is  the  more  efficient  medium 
the  increase  of  luminescence  intensity  is  due  to  the 
lost  of  water  and  phosphate  ion  concentration  which  is 
comparable  to  that  of  anusual  solid, 

-  in  the  amorphous  solid,  the  luminescence  is  not  so 
important,  compared  to  the  xerogel, 

-  no  significant  difference  appears  in  luminescence 
of  ions  between  amorphous  and  crystalline  material. 

In  conclusion  : 

2+3  + 

Luminescence  of  various  ions  (l.'0o  ,  Eu  ,  ...) 
have  been  used  as  a  probe  to  test  different  type  of  me 
diutn  :  gel,  xerogel  amorphous,  crystal  prepared  from 
the  same  thorium-phosphate  gel  as  starting  material. 
The  xerogel  form  is  the  more  efficient  one.  Futhermore 
this  xerogel  is  transparent  and  easy  to  prepare  in  ve¬ 
ry  thin  film. 
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It  is  well-known  that  Dy34  ion  in  various 
kinds  of  hosts  show&  in  the  visible  region 
three  emission  bands  .#hich  lie  in  the  inter¬ 
vals  470-500nm,  570-600iu.  and  660-690nm,  cor¬ 
responding  to  the  transitions  from  +p9/t  or 
higher  excited  states  to  or  fcFj  (1-5), 

We  report  here  a  new  emission  from  Dy3+ 
doped  r-Mg^BOa Fa (MFB) which  is  a  very  strong 
line  at  6I4. 5nm (16273cm  -*) (L  line).  To  the 
best  of  our  knowledge,  this  line  has  never 
been  reported  in  any  Dy3  +  activated  compound. 

The  emission  spectrum  of  MFBtDyz+  under  UV 
excitation  is  shown  in  Fig.l.  The  bands  in 
550-600nm  characteristic  of  Dy3+  ion  are  com¬ 
paratively  weak  while  L  line  is  very-  strong. 

Other  rare  earth  ions  which  Could  possibly 
give  sharp  line  emission  at  wavelengths 
around  6l5nm  are  Eu5+  and  pr3*.  WFB  doped 
with  Eu3*  had  been  prepared  and  its  luminesc¬ 
ence  spectrum  measured.  The  peak  of  the  main 
line  was  found  to  be  at  612nm.  When  both  gu3* 
and  Dy3+  are  incorporated, MFB: Dy3+ , Eu3*  gives 
an  emission  spectrum  as  shown  in  Fig. 2,  in 
which  the  L  line  and  the  6l2nm  line  are  clear¬ 
ly  seperated.  Fig. 3  gives  the  excitation 
spectra  of  the  line  L  from  MFBjDy 34  and  of 
the  6l2nm  emission  from  MFB:Bu3+.  It  can  be 
seen  that  the  two  spectra  are  quite  different 
from  e»ch  other.  When  405nm  was  used  to  excite 
the  doubly  activated  MFB  Only  6l2nm  was  emit¬ 
ted,  while  4.20nm  was  used,  L  appeared  unique¬ 
ly.  Since  in  the  region  23000- 34000cm '*  no 
excited  state  of  pr3+  ion  exists,  excitation 
peaks  of  the  L  line  !n  this  region  implies 
that  the  luminescence  L  should  not  bo  origin¬ 
ated  from  Pr3+  ion.  Thus  it  can  be  concluded 
that  the  614.5nm  luminescence  of  MFB:Dy3+  is 
emitted  by  Dy3+  ions. 

As  a  rule,  the  initial  state  of  the  transi¬ 
tion  corresponding  to  L  emission  may  be  judged 
from  the  excitation  spectrum  From  Fig. 3  the 
lowest  energy  which  can  excite  L  is  about 
2.15*  10  cm"1  (465nm).  A  tunable  dye  laser  had 
been  used  to  excite  the  phosphor,  two  peaks 
appeared  at  21270cm'1  and  21457cm"*,  With 
laser  lit,  -t  at  2^039cm”‘  the  intensity  of  L 
line  varied  linearly  with  that  of  the  excit¬ 
ing  radiation.  This  implies  that  the  L  emis-, 
aion  is  a  single  photon  process  and  the  ini¬ 
tial  state  of  the  emission  is  either  4  F^/a  or 
According  to  the  crystal  structure  of 
MFB  reported  by  0ka2aki(6),  Dy3+  ions  are 
most  probably  situated  at  the  Mg  site  with 
extremely  low  symmetry.  Consequently,  the 
number  of  energy  levels  due  to  crystal  field 
splitting  would  be  quite  large  and  the  struc¬ 
ture  complicate.  So  it  is  difficult  to  iden¬ 
tify  the  initial  state  simply  through  the 
energy  of  the  exciting  photon  unless  the  exact 
energy  level  structure  is  known.  However, 
since  the  energy  difference  between  4 1  ,y/2  and 
6Hii/2  gives  a  b-tter  match  to  the  nhoton 
energy  of  it  seems  more  reasonable  to  take 
a."  the  initial  st"te  and  as  the 

final  one. 


*  This  work  is  sponsored  by  the  National 
Science  Foundation  of  China 
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Fig. 2  Emission  spectra  of  T-Mg.BOjF,  :Dy3* Eu: 
under  uv  excitation. 


X  (nm) 

Fig.  3  Excitation  spectra(a)  of  612nm  emis¬ 
sion  from  T -Mg.BOjFs : Eu** , (b )  of  L  from 
r-Mg5BOjF3  :Dy3*. 
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LUMINESCENCE  FROM  SEVERAL  ACTIVATORS 
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C.  Biasse  and  G,  J.  Dirksen, 

Physics  Laboratory,  University  of  Utrecht, 
P.  0.  Box  80.000,  3508  TA  Utrecht, 

The  Netherlands. 


3+  .  , . 

SrBeLa,0_-Ce  is  yellow. 

25  3+  .  3+ 

It  is  possible  to  replace  La  by  (-d 

which  influences  the  1  uminescence  properties. 
Finally  results  for  activation  with  s  ions 
(  Pb“+,  Bi3+  )  will  be  presented.  These  show 
the  influence  of  the  unsaturated  oxygen  ion. 


Recently  Schroder  and  Muller-Buschbaura  (I) 

reported  a  new  compound  of  formula  SrBeLa^O^,  and 

determined  its  crystal  structure.  The  Be“  ions  are 

3+  . 

in  tetrahedral  coordination,  half  of  the  La  ions 
2+ 

in  seven  coordination  and  the  Sr"  ions  and  the 
other  half  of  the  La3+  ions  in  nine  coordin.it ion , 

The  latter  s.te  is  occupied  in  a  statistical  way. 

We  succeeded  to  prepare  this  compound  at  much 
lower  temperatures,  viz.  1200  *C,  than  reported 
in  ref.  1,  viz.  2000  *C.  Several  activators  were 
tried  for  their  luminescence. 

The  rare  earth  ionc  Eu3  ,  Sn3  ,  Tb  and  Ce 
have  their  allowed  transitions  (viz,  charge-transfer 
or  4f-5d  transitions)  at  relatively  low  energy, 

This  is  related  to  the  presence  in  the  crystal 
structure  of  an  oxygen  ion  which  is  not  coordinated 
to  the  Be"  ion.  This  anion  Dehaves  as  if  it  is 
unsaturated.  Examples  of  such  a  behaviour  are 
known  in  the  literature  ' 2 )  and  will  be  discussed. 

The  undoped  host  lattice  shows  also  luminescence 
which  is  tentatively  ascribed  to  a  self-trapped 
exciton  on  the  unsaturated  oxygen  ion,  This  will  be 
compared  with  findings  for  other  lanthanide  ion 
host  lattices  where  similar  observations  have  been 
made . 

The  F.u3+  ions  in  this  crystal  structure  show 
two  charg-t rans f er  transitions  at  different,  hut 
relatively  low  energy,  These  correspond  to  the 
charge-tranfer  transition  on  Eu  in  the  two 
different  sites.  It  can  also  be  shown  which 
transition  belongs  to  which  ion,  using  the  fact  that 
one  sublattice  is  disordered,  whereas  the  other  is 
not,  At  4.2  K  selective  excitation  is  more  or  less 
possible. 

The  Sm3+  ion  can  also  be  excited  in  the  charge- 
transfer  transition,  since  its  spectral  position  is 
lower  than  usual.  The  same  holds  for  f-#d 
transitions,  The  (le3+  ion,  for  example,  emits  in 
the  green,  although  the  Stokes  shift  of  the  emission 
relatively  small.  Two  Ce3  emissions  were  observed, 
corresponding  to  Cc3+  on  the  two  crystallographic 
sites.  One  shows  at  4,2  K  vihraticial  structure, 
whereas  the  other  does  not.  This  wi . 1  be  interpreted 

,]  4  1  ♦ 

using  the  statistical  di st r ihut ion  of  Sr  and  La 
ions  on  one  of  the  two  sites.  The  bodv  colour  of 


References. 

1,  F.  Schroder  and  Hk.  Mvil  1 ‘T-Buschbaum, 
Monatsh.  Chemie  M_8,  959  (1987). 

2.  Sec  e.g.  Hao  /.hi  ran  and  G.  Blasse, 

J.  Solid  State  Chem.  55,  23  <1984 ). 


Abstract  So.  564 

2  + 

A  Long-persistent  Blue  Phosphor  SrSb^O^iMn 
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1 • Intoduct ion  2+ 

Blu^  ^minescence  of  SrSb20,2Mn  peaked  at 

470  nm  ’  is  a  rare  case  of  Mn  luminescence, 
which  is  usually  found  in  the  red  to  green  region. 
By  finding  that  the  luminescence  has  an  exponential 
decay  with  a  time  constant  of  47  ms  at  10%  peak 
height,  the  authors  have  attempted  to  improve 
the  quality  of  this  material  with  an  aim  at  its 
application  to  terminal  display  tubes.  This  paper 
describes  a  new  synthesis  method,  optical  studies 
indicating  energy  loss  processes  and  some  prelimi¬ 
nary  results  on  tube  characteristics. 

The  crystal  structure  of  SrSb20  and  of  isomorph- 
ous  CaSb20^  can  be  regarded  as  a  layered  structure 
having  sheets  of  SbO,.  The  Sr  site  coordinated 
with  six  .oxygen  ions  is  inserted  between  the 
SbO^  sheets  '  * 

2.  The  synthesis  method 

One  of  the  starting  materials  ^2©^  is  partially 
converted  to  volatile  Sb20,  during  firing.  On 
the  other  hand,  when  the  start  ing^^nat  er  Lais  are 
heated  in  an  oxidizing  atmosphere,  Mn  may  be 

formed.  It  is,  therefore,  difficult  to?+control 
the  stoichiometry  and  tb“  v»*ency  of  the  Mn"  -acti¬ 
vated  antimonates.  To  overcoi-0  this  difficulty, 
a  four-step  process  has  been  developped.  The 
idea  of  this  synthesis  method  is  as  follows, 
(a)  The  first  step  forms  the  host  lattice  at 
a  relatively  low  temperature  (1000cC)  to  suppress 
the  formation  o£+Sb20y  Crystallinity  remains 
poor  so  that  Mn  ca  be  easily  diffused  into 

the  lattice,  (b)  In  *.  second  step,  Mn  is  deped 
together  with  a  flux  which  helps  diffusion  of 
Mn  ions.  (c)  Then,  the  firing  temperature  is 

increased  (1200°C)  to  grow  grains.  And  <d)  the 
residual  Mn  compound  and  flux  are  washed  away 
by  acid  treatment. 

The  best  choice  of  a  Mn  starting  material 
is  Mn2P2°7*  which  gives  the  highest  efficiency, 
1/3  relative  to  ZnS:Ag,Cl.  The  optimum  concentration 
of  added  Mn  is  8  atomic  %.  Interdiffusion  of 
constituent  ions  are  accelerated,  when  K-SO.  is 
used  as  a  flux.  The  effect  of  the  flux  is  confirmed 
by  development  of  a  hexagonal  hahit  of  the  phosphor 
grains  and  uniform  formation  of  ( Sr  ,Ca )Sb20^ :Mn 
solid  solutions.  The  flux  as  much  as  40  wt.2 
of  the  starting  material  seems  to  effective 

in  preventing  from  the  oxidation  of  Mn  ions, 
since  narrow-band  luminescence  at  around  680 
nm  characteristic  of  Mn  is  observed,  when  k^SO, 
is  not  used. 

3.  Luminescence  and  excitation  spectra 

An  excitation  spectrum  of  the  blue  band  at 
-J80°£+  is  shown  in  Fig.l.  The  absorption  bands 
of  Mn '  should  he  located  at  wavelengths  longer 
than  350  nm,  but  they  can  not  be  identified  in 
this  spectrum.  The  bands  at  300  and  270  nm  may 
be  related  to  the  host  lattice,  became  uv  lumines¬ 
cence  originating  in  the  host  lattice  has  excita¬ 
tion  bands  nearly  at  the  same  wave  1  eng t hr  as 
these  two  hands. 

A  possible  reason  of  the  unusual  blue  lumines¬ 
cence  of  Mn  Is  the.,  Mn-0  distance  as  long  as 
0.25  nm  in  : Mn4,  .  This  long  Interatomic 

distance  deen.v  '  iODq  and  Racah  parameters 


and  in  turn  increases  the  7^nergy  between  the 

ground  state  and  Tj  state  of  Mn  . 

4.  Characterist ics  of  display  tubes. 

The  phosphor  SrSb20x:Mn  was  screened  in  a 
dot-pattern  on  14  inch  CRT  faceplates.  Flicker 

of  images  was  evaluated  on  these  tubes  in  comparison 
with  a  commercial  blue  phosphor  ZnS : Ag ,Ga ,C1 . 
The  relation  between  the  critical  fusion  frequency 
and  the  screen  brightness  is  shown  in  Fig. 2.  Although 
the  two  phosphors  hjtve  nearly  the  same  10%  time 
constants,  SrSb20^:Mn  shows  reduction  of  the 
flicker  compared  with  ZnS:Ag,Ga,Cl  having  nonexponen¬ 
tial  luminescence  decay.  It  was  found,  however, 

that  SrSb20^:Mn  is  aged  more  rapidly.  Evolution 

of  oxygen  was  also  observed  under  electron  irradia¬ 
tion. 

3. Summary 

Both  the  difficulty  of  the  valency  control 

in  the  synthesis  and  the  aging  accompanied  with 
the  oxygen  evolution  probably  stem  ^rotn  the  small 
energy  difference  j^tween  Sb  and  Sb  .  The  blue 
luminescence  of  Mn  is  related  to  the  long  Mn-0 

distance,  which  results  from  the  position  of  the 

Mn  site  inserted  between  the  sheets  of  SbO^  in 
the  layered  structure. 
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Fig.l  An  excitation  spectrum  of  Mn"  luminescence 
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Fig. 2  Si.rren  brightness  vs.  crltj^l  fusion  f  requci 
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Table  3  Decay  time  of  photolumi¬ 
nescence  under  265nm  excitation 


No. 

Dy { mole ) 

5D3-7F4{i<I) 

5D4-7F 

1 

0.0 

230  ' 

1280 

2 

0.001 

221 

1250 

3 

0.003 

176 

1240 

4 

0.006 

166 

1200 

5 

0.01 

71 

1200 

6 

0.03 

10 

720 

7 

0.08 

7 . 2 

500 

The  cathodoluminescence  of  LaOBr :Tb  is 
enhanced  in  1.4  times  by  codoping  Dy.  The 
mechanism  of  this  enhancement  is  analyzed 
and  is  attributed  to  crossrelaxation  between 
Dy  and  Tb. 

Experiment 

We  prepared  a  series  of  phosphors  in  whi¬ 
ch  the  concentration  of  ion  is  kept  constant 
at  0.0075  moles  and  the  concentration  of  Dy 
varies  according  to  table  1. 

Tablel:  The  concentrations  of  Dy 
in  different  phosphors 

No.  1  2  3  4  5  6  7 

Dy  0  0.001  0.003  0.006  0.01  0.03  0.08moies 


For  comparision  we  prepared  also  phosphors 
doped  only  with  Dy  of  0.01  moles. 

we  measured  the  cathodoluminescence  of  the¬ 
se  phosphors{  lOkv,  lA/cm2,  10-4  torr  ).  The 
results  show  that  the  luminescence  of  LaOBr: 


Dy,Tb  consists  predominantly  of  the  lumine¬ 
scence  of  Tb.  The  brightness  is  measured  by 
means  of  a  photocell  calibrated  to  the  sensi¬ 
tivity  of  human  eyes  with  the  help  of  a  fil¬ 
ter.  This  brightness  is  found  to  be  enhanced 
in  1.4  times  that  of  sample  without  Dy.  When 
the  concentration  of  Dy  is  equal  to  O.Olmole. 


Table2 :  The  cathodoluminescence  of  LaOBr: 
Dy,Tb  for  different  concentrations  of  Dy 


No . 

Dy 

5D3-7F!l 

5d4-  7f5 

Brightness 

1 

0.000 

0. 30 

0.48 

330 

2 

0.001 

0.25 

0.51 

355 

3 

0.003 

0.16 

0.52 

370 

4 

0.006 

0.10 

0.53 

460 

5 

0.01 

0.06 

0.64 

470 

6 

0.03 

0.015 

0.32 

105 

7 

0.08 

0.00 

o.u 

70 

The  enhancement  is  clearly  due  to  the  dop¬ 
ing  of  Dy.  But  the  luminescence  of  Dy  itself 
is  not  large  enough  to  produce  such  an  enhan¬ 
cement.  Is  there  any  transfer  of  energy  from 
Dy  to  Tb?  For  this  purpose  we  measured  the 
spectrum  of  excitation  by  monitoring  the  lu¬ 
minescence  of  Tb.  No  excitation  of  Dy  is  ob¬ 
served.  So  that  neither  the  luminescence  of 
Dy  itself  nor  the  energy  transfer  from  Dy  to 
Tb  is  responsible  for  the  enhancement  of  bri¬ 
ghtness.  The  effect  of  doping  with  Dy  is  to 
change  the  relative  intensity  of  different 
lines  in  the  luminescence  of  Tb.  To  clarify 
the  reason  of  this  enhancement,  we  measured 
the  decay  of  photoluminescence.  The  results 
are  listed  in  table  3. 

****************  +  ****** 
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By  comparison  of  these  results  with  that  given 
in  table  2,  we  can  draw  the  conclusion  of  exis 
-tence  of  concentration  quenching  in  the  regi¬ 
on  of  Dy  concentration  from  0.01  to  0.03  moles. 

Discussion 

The  crystal  is  belonging  to  tetragonal  sy¬ 
stem.  The  dopants  Dy  or  Tb  substitutes  La  ions. 
An  analysis  of  the  distance  of  a  luminescent 
center  from  the  neighboring  dopants  shows  that 
the  mo-del  of  a  three  dimensional  and  homogene 
-ously  distributed  dopants  for  treating  the 
problem  of  energy  transfer  is  reasonable. 

Because  the  concentration  of  Dy  and  Tb 
are  no-  so  large,  we  use  expression  for  decay 
curve. 

wberefis  the  decay  time  of  Tb  luminescence  wi¬ 
thout  "the  doping  of  Dy,  f  i-s  Gamma  function,  C 
is  the  concentration  of  Dy  ions,  C0  is  the 
critical  coricentrafc ibn .  By  fitting  to  the  ex¬ 
perimental  data,  we  find  that  s  equals  to  6. 

(  cf .  f igure  ) . 


3 


a 


3 
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Fig.  Fitting  of  calculated  decay  curve  to  ex 
-perimental  data  for  dipole-dipole  interaction 

Concl usion 

The  cathodoluminescence  of  LaOBr :Tb  may 
be  enhanced  in  1.4  times  by  codopino  with  Dy . 
This  enhancement  is  attributed  to  the  energy 
transfer  from  Tb  and  Dy  in  the  form  of  erossro 
-laxation.  This  crossrelaxation  is  of  a  ehar4 
-cter  of  dipolo-  dipole  interaction.  And  this 
energy  transfer  process  transforms  the  liaht 
in  the  region  of  violet-blue  into  that  of  orc- 
en.  So  that  the  brightness  is  increased.  The 
critical  distance  of  crossrol axat i on  is  dotet- 
mi nod  as  10  a . 


(3)  M.Inkuti  ot  a  1  .  .1  .Ch  .  1'hys  .  4  3 , ! 
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The  actual  performance  of  the  Y2SiC>5:Tb  in  vari¬ 
ous  types  of  40W,  T-12  lamps,  is  summarized  in  Ta¬ 
bles  II  to  V. 


Terbium-Activated  Yttrium  Silicate 
as  a  Lamp  Phosphor 

T.E.Peters,  R.B.Hunt  and  R.G.Pappalardo 
GTE  Laboratories  Inc.,  Waltham,  MA 
and 

F.Taubner 

GTE  Products  Corp.,  Danvers,  MA 

Terbium  activated  yttrium  silicate,  Y2Si05:Tb.  is 
a  refractory  luminescent  material  that  has  demon¬ 
strated  excellent  performance  in  CRT  applications, 
particularly  those  involving  high  drive  currents  (1,2)! 
A  cerium  co-activated  version  of  this  phosphor  was 
also  proposed  for  use  in  fluorescent  lighting  (3),  but 
it  failed  to  gain  commercial  acceptance  because  of 
its  poor  lehr'  resistance,  and  the  cost  associated 
with  its  high  activator  concentration  (16.4w/o).  Re¬ 
cently,  we  prepared  Y2Si05:Tb  phosphors  with  sub¬ 
stantially  reduced  terbium  content,  that  nevertheless 
equalled  or  exceeded  the  performance  requirements 
for  the  green-emitting  phosphors  used  in  fluores¬ 
cent  lighting  and  in  reprographic  applications. 

The  poor  lumen  maintenance  of  orthosilicate 
phosphors  prepared  with  fluoride  mineralization 
(Fig  1)  prompted  the  search  for  an  alternate  synthe¬ 
sis  route.  Sol-gel  syntheses,  using  alkoxide  raw 
materials  soluble  in  organic  solvents,  were  evalu¬ 
ated  and  abandoned  because  of  handling  difficulties 
and  high  reagent  costs.  As  an  alternative,  we  devel¬ 
oped  a  pseudo  sol-gel  technique,  in  which  a  phos¬ 
phor  precursor  in  a  clear  gel  or  powder  form,  was 
prepared  from  YlNO^  or  Y(OH)3  and  silicic  acid 
In  the  preferred  synthesis  route,  the  dried  gel  or 
precursor  powder  was  reacted  at  1700-1800°C  in 
95%  N2-  H2  for  2-4  hours  to  form  the  finished  prod¬ 
uct. 

Excitation  and  diffuse  reflectance  spectra  for  our 
standard  formulation.  Y ^  85Tb0  15Si05  are  pre¬ 
sented  in  Fig.  2  The  mercury  emission  line  at 
254nm  intersects  the  intense  terbium  excitation 
band  (4f-*5d  transition)  at  *80%  of  its  peak 
height.  In  plaque  tests,  however,  this  material  al¬ 
ready  has  a  brightness  of  93%  relative  to  the  CAT 
phosphor,  in  spite  of  a  254nm  reflectance  as  high 
as  25%  (Fig  3).  From  the  foregoing,  and  the  re¬ 
ported  values  of  the  quantum  efficiency  and  reflec¬ 
tance  at  254nm  for  CAT  (4),  ie  q  =  80%  and 
r  =  8  0%,  we  estimate  the  quantum  efficiency  of  our 
silicates  to  be  *95%. 

We  believe  that  the  high  U.V.  reflectivity  of  the 
YpSiOj  Tb,  in  combination  with  the  excitation  geom¬ 
etry.  is  responsible  for  the  observations  of  Table  I, 
wherein  the  silicate  phosphor  exhibits  progressive 
increase  in  brightness  (relative  to  CAT),  as  the 
measurements  are  performed  on  plaques,  on 
plaques  inserted  in  a  demountable'  lamp,  and  in 
monochrome  40W,  T-12  lamps  This  trend  is  ex¬ 
plained  as  follows,  the  UV  radiation  not  absorbed 
by  the  phosphor  in  a  plaque  brightness  test  is  irre¬ 
trievably  lost,  while  in  a  regular,  fully-coated  lamp 
'he  reflected  UV  radiation  can  be  re  directed  to  the 
phosphor  layer  Finally,  in  the  case  of  the  phosphor 
plaques  inserted  in  a  demountable  lamp,  the  prob¬ 
ability  of  utilization  by  the  phosphor  of  the  reflected 
UV  radiation  is  intermediate  to  that  of  the  two  ex 
treme  cases  already  discussed 


In  Table  II,  we  present  data  for  Y-iSiOjiTb  and 
three  different  versions  of  CAT  in  single-component 
lamps.  The  silicate  is  seen  to  closely  match  ‘he 
performance  of  the  CAT  phosphors,  except  for  a 
somewhat  higher  powder  weight  for  the  former, 
which  can  be  corrected  by  particle  size  control 

Table  III  lists  tri-phosphor  blend  formulations  for 
*=3000°K  lamps  employing,  respectively,  Y2SiOg:Tb 
and  CAT  as  the  green-emitting  component.  In  view 
of  its  higher  UV  reflectance,  the  fraction  of  the  sili¬ 
cate  phosphor  in  the  blend  had  to  be  increased  in 
order  to  obtain  the  target  color.  The  overall  cost  of 
the  phosphor  blend,  however,  is  essentially  un¬ 
changed,  because  of  the  compensating  decrease  in 
the  fraction  of  the  expensive  red-emitting  compo¬ 
nent.  As  shown  in  Table  IV,  the  performance  char¬ 
acteristics  of  lamps  employing  the  two  tricolor 
blends  are  identical. 

Although  the  color  coordinates  cf  the  single-coat 
lamps  are  identical  (Table  iV),  some  yet  unex¬ 
plained  effects  are  observed  in  two-layer  lamps 
When  a  tricolor  blend  is  overlayed  to  a  halophosp- 
hate  base  coat,  the  two-coat  lamp  exhibits  different 
x-y  values  and  a  lower  CRl  (Table  V).  A  tentative 
explanation  is  that  in  the  latter  case  a  higher  pro¬ 
portion  of  the  UV  radiation  reflected  by  the  tricolor 
blend  is  absorbed  by  the  lower  CRl  halophosphate 
base  coat,  thereby  lowering  the  overall  CRl  of  the 
lamp. 

Finally,  from  Table  VI  it  can  be  concluded  that 
the  performance  of  Y2SiO/=:Tb  matches  that  of  CAT. 
even  under  the  high-loao  conditions  obtaining  in 
T8/HO/450  aperture  lamps. 
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EXCITATION  EFFICIENCY/REFLECTANCE 


DEMOUNTABLE  LAMP  PERFORMANCE 
OF  TWO  YTTRIUM  ORTHOSILICATES 
SHOWING  THE  EFFECT  OF 
SYNTHESIS  TECHNIQUE 


HOURS  IN  DEMOUNTABLE 

Fig.  1 


EXCITATION  OF  545  nm  EMISSION 
(SOLID  CURVE)  AND  REFLECTANCE 
(DASHED  CURVE)  FOR  Y2SIO:Tb 


NANOMETERS 

Fig.  2 

Table  I 

Phosphor  Brightness  and  Excitation  Conditions 

(Relative  to  CAT) 


Type  Meas.  Brightness  %  Brightness  % 


0  Hrs. 

100  Hrs. 

Plaque 

86.0 

... 

Demountable 

93.1 

91.6 

40W  T-12 

100.2 

100.4 

Table  II 

Single-component  Lamp  Tell  Results 

Material  Coating  Powder  Color  coord  Lumens  at  hours 

Density  Weight  *  y  Zero  too  WO  1000 

Y1  N]  T  51  0  301  0U4  *674  4412  4411  4311 

CAT  S%Tb  71  7  5  55  0  2*4  0  5*7  4434  44M 

CAT  V'.Tb  711  til  0.29*  0  5*4  4517  4442 

CAT  r*/.Tb  711  in  0  2*4  OS H  4W3  4717  4M3  4M3 

Material  Coating  Powder  Color  coord  %  Maintenance 

Penalty  WeigM  *  y  0-100  H  >00  500  100-1000 

V,  uTb,  ,,510,  71 7  7  SI  0309  0  554  Ml  Ml  Ml 

CAT  5%Tb  71  7  5  55  0  2W  0  5*7  Ml 

CAT  5%Tb  71 1  5  21  0  2M  0544  Ml 

CAT  7*,Tb  71  9  1  79  0  7*4  0  571  |7  1  97  5  17  1 


Table  HI 

Tricolor  Bland  Formulation!  (or  %  3000  K  lamp. 

Blend  Type  Blue  emltt  V.  Green  emltl  Red  emttt.  V. 

SUndard  BMA  117V.  CAT  38  9*'.  YOE  58  4*. 

Slllceie  BMA  8.0V.  YSIL  55.8V,  YO€  38.4V. 

BMA  =  BaMg2AI„027:Eu 
YOE—  YjOjiEu 


Table  IV  Tricolor  Blend  .  Single  Coat  Lampg 


Type  Optic  Powd  0  MRS  100  M  M.lnt  X  V  CfT)  CRI 

Deni  Wt  Lumens  Lumens 

CAT  79  0  SOI  3366  3241  98  2  0  417  0  381  3970  83  5 

YSII  78  5  4  19  3333  3215  M  $  0  41 T  0  340  ?97t  84  1 

Table  V  Tricolor  Blend  Shin  Coal  Over  Halo  Lamps 


Type  Opllc  Powd  0  MRS  100  M  Main!  X  Y  C(T1  CRI 

Deni  W1  Lumen!  Lumens  ■ , 

CAT  710  3M  3295  3150  951  0  396  0  377  75  1 

/7S 

YSII  78  1  5  83  3326  3181  95  8  0  391  0  381  3749  70  5 

/  73 


Table  VI  T8/HO/450  Aperture  Lamps 


Type 

Optic. 

Powd. 

Detect. 

Resp. 

Detect. 

Resp 

Maint. 

Dens. 

Wt. 

1  Hr 

100  Hr 

% 

CAT 

79.6 

2.03 

140.1 

138.9 

99.1 

YSII 

79.0 

1.96 

140.0 

139.1 

99.4 
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LUMINESCENCE  FROM  RARE-EARTH  CRYPTATES 
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Luminescent  Ions  j.u  non-ffloiecui  3;'  solids  can 
usually  be  described  as  ions  in  interaction  with  the 
immediate  surroundings,  t.e.  as  ions  in  a  cage.  It  is 
therefore  Interesting  to  compare  their  luminescence 
with  that  of  ions  In  cryptates.  A  cryptate  consists  of 
an  ion  encapsulated  in  a  molecule  which  offers  a  hole 
in  its  molecular  construction  tl].  Such  a  molecule  is 
called  a  cryptand.  Figure  1  shows  an  example.  In  this 
paper  we  restrict  ourselves  to  luminescent  rare-earth 
ions  as  the  encapsulated  metal  ion. 

The  [Eu^d  2.2.1]  cryptate  (compare  fig.l)  ha6  a 
low  luminescence  efficiency  due  to  the  predominance  of 
nonradiative  transitions  because  of  the  low-lying 
charge-transfer  state  and  high-frequency  vibrations  in 
the  surroundings  (H20)  [2].  Comparable  phenomena  are 
known  in  the  solid  state  [2].  The  efficiency  of  the 
luminescence  can  be  increased  by  shifting  the  oppo¬ 
site-parity  state  to  higher  energies  (Sra*4-,  Tb  , 
Gd^)  and  increasing  the  energy  gap  (Tb-**,  Gd^*). 

In  [Ce^d  2.2.1]  cryptate  the  emission  is  broad¬ 
band  type,  viz.  a  d  *  f  transition.  The  quantum  effi¬ 
ciency  is  very  high,  because  the  Ce^4-  ion  fits  exactly 
in  the  cage.  Consequently,  relaxation  in  the  excited 
state  is  restricted,  l.e.  the  Stokes  shift  is  very 
small.  This  fits  an  Important  criterium  in  the  design 
of  luminescent  materials. 

Due  to  the  weak  relaxation  in  the  [Ce ^  d.  2.2. 1 ] 
cryptate  the  excited  ion  remains  reasonably  in  reso¬ 
nance  with  its  neighbours  at  ~  10  A  in  the  surrounding 
cages,  so  that  energy  migration  over  the  Ce^4-  ions  can 
be  observed  [3].  This  runs  parallel  with  considerati¬ 
ons  on  concentration  quenching  in  solid  systems. 

In  the  cryptates  mentioned  above  excitation  Is 
Into  the  central  metal  ion.  It  is  also  possible  to  ex¬ 
cite  In  the  cryptand  and  to  study  energy  transfer  to 
the  rare-earth  ion.  In  the  Eu^-hexaaza  complex  (see 
fig. 2)  energy  transfer  occurs,  but  with  low  efficiency 
[4].  Figure  3  gives  the  relative  raves.  Nonradiative 
decay  in  the  ligand  (the  cryptand)  dominates.  Also 
here  an  interesting  comparison  with  non-mol ecul ar 
systems  can  be  made. 

However,  energy  transfer  from  a  cryptand  to  rare- 
earth  ions  can  also  be  highly  efficient  [5].  This  has 
been  observed  for  the  [Ln*4’  C.  bpy.bpy.bpy]  cryptates 
with  Ln  -  Tb  and  Eu  (fig. 4).  The  situation  tends  to 
become  complicated  because  not  only  bpy  ♦  Ln^4  trans¬ 
fer  occurs,  but  also  Ln^4-  ♦  bpy  back  transfer  (for 
Tb*4-)  and  migration  among  the  cryptands.  However, 
there  is  a  close  parallel  with  the  luminescence  pro¬ 
perties  of  vanadates.  This  comparison  leads  to  a 
better  understanding  of  quenching  by  electron  transfer 
(6],  a  phenomenon  which  has  also  been  observed  for  the 
cryptates  in  solution  ]7], 
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Fig. 2.  Schematic  representation  of  the  ('2'>H26^b  ^xaaza 
mar  rocvr  1  it-  1  i  gand 


nonradia<<v«  ’d,,—  f. 


Fig. 3.  Radiative  and  nonradiat  ive  rates  in  the 
Eu^+  hexaaza  complex  at  100K 
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Temperature  Dependence  of  the  Vibronic 

4  + 

Spectrum  and  Life  Time  of  LiGa^OgjMn 
T.Abritta  and  R.J.M.  da  Fonseca 

Instituto  de  Fisica  -  UFRJ,  21945/  Rio  de 
Janeiro,  RJ,  Brazil. 

4  + 

The  luminescence  of  Mn  ions  as 
impurities  in  a  single  crystal  of  LiGa50g 

presents,  at  15K,  a  3harp  zero-phonon  line 
at  721. 6nm  due  to  the  E-»-  A2  electronic 

transition  associated  to  a  d^  system  in 
an  octahedrally  coordinated  site.  This  zero- 
-phonon  line  is  accompanied  by  a  set  of 
sidebands  {see  Fig.  1) .  Comparing  the 

enerair,r  ef  the  sidebands  relatively  to  the 
zero-phonon  line  we  could  identify  most  of 
them  as  infra-red  or  Raman  modes  of 

the  host  (1,2)  .  As  the  temperature  is 

increased  the  intensity  of  the  sidebands 
increases  relatively  to  the  zero-  phonon 
line,  with  a  decrease  of  the  sharpness  of 
their  peaks.  At  room  temperature  the 
zero-phonon  line  is  barely  resolved  and  the 
emission  is  dominated  by  a  broad  band  with 
its  maximum  at  about  720. Onm  (3).  In  this 
report  we  have  examined  these  facts 
measuring  the  decay  times  between  15  K  and 
450  K,  above  wich  he  have  the  luminescence 
extinction  .  The  decay  time  for  this 

temperature  range  is  characterized  by  a  single 
exponential.  The  decay  rate  presents  tvro  trends. 
First  we  have  a  gradual  rise  until  temperatures 
about  300K.  Above  this  temperature  there  is 
a  rapid  increase  with  the  temperature  (9ee 
Fig. 2).  The  gradual  increase  of  the  decay  rate 
can  be  understood  on  the  basis  that  the 
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radiative  transition  is  dominated  by  the 

vibronic  sidebands  process.  Hence  the 
radiative  decay  rate  f  IT)  should  vary 

with  temperature  as  t!4).  ^ 

fr(T)=fr(0)E  coth  ( 

Where  the  are  the  phonon  frequencies  and 

l  A^  gives  the  intensity  ratio  of  the 

sidebands  to  the  zero-phonon  line  at  )ow 

temperatures.  Taking  the  representative  phonon 
modes  whose  frequencies  and  A^  values  are 

suggested  by  the  shaoe  of  the  sideband  we 
calculate  a  curve  that  increases  slowly  wich  fits 
our  experimental  data  for  temperatures  lower 
than  300  K.  For  higher  temperatures  we  have 
U9ed  the  observed  fact  with  non  radiative 
transition  in  rare-earth-doped  crystals  where 
one  expects  that  the  highest  energy  phonons  will 
dominate  the  non  radiative  process  (5).  In  our 
high  temperature  dot a  we  could  obtain  a 
reasonably  fit  considering  25  phonons  with  an 

energy  of  546cm  in  order  to  cross  the 

- 1  2  4 

13858  cm  energy  gap  between  the  E  and  A2 

levels. 

The  whole  fit  of  the  experimental  decay 
rate  data  is  shown  in  Figure  2,  for  a  ff{0) 

corresponding  to  a  decay  time  of  284us,  the 
experimental  value  for  low  temperatures. 


Figure  1  -  The  15  K  luminescence 
of  LiGajOgtMn4*’ 
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Fiqure  2  -  The  temperature  dependence  of  the 
luminescence  decay  rate  of 

LiGa^Og :  "*  .  The  points  oivo  the 

measured  values.  The  continuous 
curve  shows  the  theoretical  fit. 
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Phosphors  based  on  rare  earth  borates  prove 
to  be  efficient  in  terms  of  saturated  confined  emission, 
wall-load  factor,  stability  agains*  radiation  damage, 
etc.  These  are  made  possible  due  to  their  rigid 
3-dimensional  network  constituted  by  B-0  atoms. 
Rare  earth  borates  based  on  Gd  such  as  ortho  borates 
(e.g.  GdBOj),  metaborates  (e.g.  GdfBO^)^)  and  penta- 

borates  (e.g.  GdMgB50jQ)  have  practical  applications 

in  gas  discharge  lamps,  display  panels  [1],  etc, 
GdMgB^0jQ:Ce,Tb  also  finds  wide  use  as  a  green 

component  in  trichromatic  lamps  [2]  for  its  lower 

concentrations  of  Tb  compared  to  other  Ce,Tb  doped 
phosphors. 

Number  of  samples  of  alkaline  earth  (M^+)  rare 
earth  (Ln^f)  pentaborate  phosphors  have  been  prepared 

by  varying  the  composition  of  M^+,  sensitizer  (S^ 
type,  Bi  or  4f*'  5d,  Ce)  and  Tb  as  an  activator. 

Suitable  proportions  of  starting  materials  such  as 
Gd20v  Tb407,  H3B0?  and  MC03  (where  M  =  Mg, 

Ca,  Sr,  Ba)  are  mixed  homogemously  and  fired  for 
2  hours  betwen  1 000- 1 200°C  after  prefiring  at  3Q0°C 
lor  2-4  hours.  The  X-ray  diffraction  analysis  show 
the  formation  of  pentaborate.  Excitation  and  emission 
spectra  have  been  recorded  with  the  help  of  fluore¬ 
scence  spectrophotometer  (Hitachi  650-1  OS)  with 

1 50W  Xenon  lamp  as  exciting  source. 

Excitation  spectra  of  these  samples  exhibit 
the  corresponding  lines  of  Gd  at  275  nm  (8^-«6j) 
and  311  nm  <8«-~*6p)  and  a  well  defined  band  aue 
to  the  sensitizer  (Bi  or  Ce).  Efficient  energy  transfer 
may  be  accomplished  by  various  modes  such  as 

i)  sensitizer  — > activator 
ii)  sensitizer  —  *(Ci<r  )  —  ♦activator 
lii)  charge  transfer  banq/(Gd  and/or  —• r  activator 

It  has  been  found  that  when  the  composition  of 

M^4  content  is  altered,  CTB  and/or  sensitizer  band(s) 
could  be  resolved  and  appeared  as  distinct  bands 

which  enclose  Gd  lines  as  well,  as  shown  in  Fig.  1 
Also  it  has  been  observed  that  various  inodes  of 

energy  lead  to  only  one  kind  of  Tb^4  emission. 

Appearance  of  satellite  h  ics  dup  to  other  transi¬ 
tions  (other  than  predominant  5D^~ *  7Kj)  ai^  modi¬ 
fied  due  to  cross  relaxation  from  higher  5D3~ *  5D^ 

states.  Quenching  of  emission  attributed  to  concen¬ 
tration  effects  and  modification  of  the  lattice  and 

various  tranjilL«tj  due  to  Tb  are  discussed. 
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Fig. I  Excitation  spectra  at  room  temperature 

(300K)  in  the  UV  region  of  Tb^4  emission 
(54?  nm)  in 

(a)  GdBOyBK  lm%),  Th(!«n%) 

(b)  GdMgB50l0:Bi(lm%),  Tb(lm%)  and 

(c)  GdBaB50;o:Bi(|m%),  Tb(lr,i%). 
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The  sensitization  of  the  luminescence  of  gadoli¬ 
nium  compounds  by  the  Pb2+  1  on  can  be  performed  in 
three  different  ways,  viz,  by  introduction  of  Pb2+  in 
Gd  compounds  (which  requires  charge  compensation 
influencing  the  Pb2+  1 umi nescence),  by  introduction  of 
Pb2+  and  Gd  ^  in  alkaline  earth  compounds,  or  by  in¬ 
troduction  of  Pb2+  in  mixed  alkaline  earth  gadolinium 
compounds.  The  three  possibilities  are  evaluated 
[1,2]. 

The  first  possibility  is  studied  in  gadolinium 
borates.  It  is  not  very  successful,  since  the  Pb2+ 
luminescence  shows  a  large  Stokes  shift.  This  results 
in  a  vanishing  transfer  rate  and  a  low  thermal  quen¬ 
ching  temperature.  However,  for  GdMgB^OjQ  the  results 
do  not  seem  too  discouraging  [ 3] . 

The  second  possibility  was  recently  reported  in 
the  literature  [  4] .  Although  the  sensitization  can  be 
efficient,  the  transfer  to  activators  is  not,  since 
the  Gd ^  concentration  cannot  be  taken  high  enough. 

The  third  possibility  is  the  most  promising  in 
order  to  obtain  efficient  luminescent  materials.  In 
the  eulvtite  svstem  (  Ba ,Gd) ^ I ( P, Si >0  j  this  is  not 
yet  the  case.  In  the  oxvoatite  Sr  <>Gd8(  Si0^1602 , 
however,  the  situation  is  optimal  for  efficient 
luminescence  if  Pb2+  occupies  the  4f  site.  The  trans¬ 
fer  Pb ^+-Gd ^ -Tb (see  fig.!)  occurs  with  high 
efficiency.  Part  of  the  Pb2+  ions  occttpv  the  6h  site 
which  is  out  of  resonance  with  the  Gd ^  emitting 
level.  If  the  Tb  ^  concent  rat  i  on  is  not  too  low,  the 
total  quantum  efficiency  is  nevertheless  high  due  to 
direct  Pb2+(6h)  *  Tb ^  transfer.  The  Mn~+  ion  is  also 
an  efficient  activator  in  this  lattice. 
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Figure  1 

Energy  transfer  processes  in  gadolinium  compounds 
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Strontium  tetraborate  activated  with  Eu^+  is 
known  to  be  an  efficient  luminescent  material  at  room 
temperature,  with  an  emission  band  at  367  nm  (1).  In 
this  abstract  the  luminescence  properties  of  Eu^+  and 
the  energy  migration  over  the  Eu^+  sublattice  between 
4.2  K  and  298  K  in  (Sr,Eu)B40?  are  reported.  The  Eu^+ 
sublattice  in  this  borate  is  two-dimensional  with  Eu- 
Eu  distances  of  4.3  A  in  the  ac  plane  and  6  A  between 
the  planes. 

At  4.2  K  the  Eu^+  ion,  which  is  lsoelectronic 
with  Gd^+,  shows  line  emission  at  363.2  nm  due  to  the 
4f7(^P7/2)  ♦  4f 7(®S7 12)  transition.  At  the  low  energy 
side  of  this  emission  line,  well  resolved  vibrational 
structure  is  observed  between  100  cnT*  and  1200  cm-1. 
This  fine  structure  is  due  to  coupling  of  the  elec¬ 
tronic  transition  with  vibrational  lattice  modes,  and 
stretching  and  bending  modes  of  the  borate  groups.  The 
excitation  spectrum  shows  at  least  two  4f7(®S7y2)  ♦ 
4f^5d  transitions,  in  which  the  splitting  of  the  4f^ 
configuration  in  the  excited  state  into  seven  7F 
levels  can  be  observed. 

Increasing  the  temperature  leads  to  thermal  popu¬ 
lation  of  the  higher  4f^(6p7  v  levels.  The  maximum  of 
f7(^P7/2>  emission  lines  has  been  observed 


four  4f' 


barycentre  of  the  ^f7(^P7/2^  level  has  been  calculated 
to  be  27,586  cm-1,  which  is  relatively  low.  At  temper¬ 
atures  above  25  K,  the  4f^5d  ♦  4f  (^S7/2)  emission 
band  can  be  observed.  It  has  its  maximum  at  367  nm  and 
a  small  zero  phonon  line  at  361.5  nm.  The  relative 
intensity  of  this  band  increases  exponentially  with 
temperature.  Above  100  K  the  line  emission  has  nearly 
vanished.  , 

The  thermal  population  of  the  4fb5d  level  has  a 
marked  influence  on  the  decay  time  of  the  Eu^+  emis¬ 
sion.  At  4.2  K  the  decay  time  of  the  parity  forbidden 
transition  within  the  4f7  configuration  is  440  ps.  It 
decreases  to  2.6  ps  at  room  temperature  for  the  parity 
allowed  4f^5d  ♦  4f7(®S7/2)  transition.  The  energy 

difference  between  the  4f  (**P7y2)  level  and  the  4f^5d 
level  has  been  determined  by  fitting  the  temperature 
dependence  of  the  decay  time  to  a  three  level  model. 
This  yielded  a  value  of  100  cm-*.  The  spectroscopical¬ 
ly  determined  energy  difference  between  the  lowest 
4f7(kp7»2)  line  and  the  '  4f^5d  zero  phonon  line  is 
m 

since 

4f  7( ^P  7/ 2 )  is  Involved. 
between  the  two  excited  states  of  Eu^+  is  the  smallest 


erved.  The 


130  cm'1.  The  latter  value  is  probably  more  accurate. 
In  this  case  no  interference  of  higher 
The  difference  in  energy 


mall  difference  in 

7f(>  o 


reported  up  to  now.  Due  to  this 
energy,  efficient  mixing  of  the  state  and 

the  4f^5d  state  occurs,  which  explains  the  low  posi¬ 
tion  of  the  barycentre  of  the  4f7(^P7^2)  level  and  the 
s'  -iJiative  decaytime  of  the  parity  forbidden 

4f7(^P7y2)  *  4f7(®S7/2)  transition. 

Concentration  quenching  in  ^ri-x^ux®4^7  " 

0.001  to  1)  has  been  studied  at  4.2  K  as  well  as  at 


298  K.  In  contradiction  to  what  is  normally  observed, 
the  quenching  is  more  pronounced  at  4.2  K.  At  temper¬ 
atures  below  25  K  energy  migration  occurs  over  the 
4f7(^p 7y2)  level  of  the  Eu^+  ions.  In  view  of  the  two 
dimensional  character  of  the  Eu^"1  sublattice,  the 
decay  curves  of  the  Eu^+  emission  In  the  concentrated 
system  EuB407  were  analyzed  using  a  random  walk  model 
for  two-dimensional  energy  migration  (2] : 

I(t)  -  1(0)  *  exp(-t/iQ  -  p  *  tb  (1) 


where  0  depends  on  the  acceptor  concentration  and  the 
donor-donor  transfer  probability.  At  4.2  K  a  value  of 
270  s“*  has  been  found  for  0.  With  an  estimated  accep¬ 
tor  concentration  of  10~^  a  value  of  107  s  *  for  the 

24- 

rate  of  energy  transfer  between  two  nearest  Eu*  - 
neighbors  has  been  calculated.  Inis  ia  in  good 
agreement  with  the  transfer  rates  found  for  energy 
transfer  between  nearest  Gd ^-neighbors  at  approxi¬ 
mately  4  A  [3],  which  is  to  be  expected  in  view  of  the 
sin*'  rity  in  the  electronic  configuration. 

The  energy  migration  at  room  temperature  occurs 
via  the  4f^5d  excited  state.  A  large  critical  distance 
for  energy  transfer  between  Eu^+  ions  of  25  A  has  been 
calculated.  Although  energy  transfer  over  a  large 
distance  is  possible,  the  energy  migration  over  the 
Eu^+  aublattlce  does  not  lead  to  strong  concentration 
quenching.  An  explanation  for  this  observation  is  that 
in  view  of  the  large  radiative  decay  rate  and  the 
large  transfer  rate,  there  are  very  few  efficient  ac¬ 
ceptors,  for  which  the  trapping  rate  is  large  in  com¬ 
parison  with  the  radiative  decay  rate  and  the  transfer 
rate.  This  is  confirmed  by  fitting  the  experimental 
decay  curve  of  the  Eu7+  emission  in  EuB^C^  at  room 
temperature  to  the  Yokota-Tanlmoto  formula,  which 
describes  the  evolution  of  the  emission  intensity  in 
the  case  of  three-dimensional  diffusion  limited  energy 
transfer  [4]  .  A  very  low  acceptor  concentration  in 
combination  with  a  high  value  for  the  donor-acceptor 
interaction  parameter  gave  the  best  fit. 

In  conclusion,  the  luminescence  properties  of 
Eu^+  In  SrBA07  can  be  explained  by  an  energy  level 


c,u  in  can  oe  explained  oy  an  energy  level 

scheme  for  Eu^+  i"  which  the  4f65d  excited  state  ia 
higher  in  energy  than  the  lowest 


only  slightly 
f?'6p7/2 


P 7 / 7 )  excited  state.  Energy  migration  over  the 
evel  of  Eu^+  has  been  observed.  Analysis 


4f '  ( 

«7(6p7/2>  ,+ 

of  the  decay  curves  of  the  Eu*  emission  in  EuB407 
shows  that  at  4.2  K  the  migration  has  a  two-dimension¬ 
al  character  and  that  the  transfer  rate  for  energy 
transfer  between  nearest  neighbors  is  about  107  s  , 
which  ia  in  agreement  with  values  found  for  energy 
transfer  between  nearest  Gd^"  neighbors. 
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^"-alumina  (Nai+xM9xA1ll-x°17)  is  a  well 
known  solid  electrolyte  which  has  recently 
shown  considerable  promise  as  an  optical  host 
material.  Its  ion  exchange  properties  offer 
a  unique  method  for  incorporating  lanthanide 
ions  into  an  oxide  material .  Through  ion 
exchange  techniques,  the  material  is  doped 
after  the  crystal  growth  process. 
Consequently,  problems  such  as  compositional 
inhomogeneities,  valence  instabilities  and 
strain  formation  which  are  commonly  induced 
by  traditional  crystal  growth  techniques  are 
avoided.  The  low  temperature  ion  exchange 
process  has  been  used  to  synthesize  optical 
quality  ^"-alumina  crystals  containing  many 
of  the  lanthanide  ions,  including  Nd+3 . 
Previous  work  has  shown  that  single  crystals 
of  Nd3-0"-alumina  exhibit  laser  action  at 
1.06  [1,2]. 

We  have  now  developed  techniques  for 
exchanging  two  lanthanide  ions  simultaneously 
into  the  ^"-alumina  structure.  The  dopants 
are  homogeneously  distributed  throughout  the 
crystal  and  the  relative  ratios  of  the  ions 
are  easily  controlled  by  the  composition  of 
the  ion  exchange  melt.  This  new  synthesis 
approach  has  enabled  us  to  observe  energy 
transfer  in  /?" -alumina  crystals  doped  with 
Ce+3-Nd+3  and  Ce+3-Tb+3  couples.  The  use  of 
ion  exchange  allows  us  to  investigate  the 
effect  of  varying  sensitizer-to-activator 
concentration  ratios  on  the  transfer  pro¬ 
cesses. 

The  occurrence  of  energy  transfer  between 
Ce+3  and  Nd+3  in  0" -alumina  is  evident  from 
the  excitation  spectrum  of  the  870  nm  emis¬ 
sion  band  of  Nd+3  (Figure  1>.  The  excitation 
spectrum  of  the  Ce*3-Nd+3  crystals  has  an 
additional  broad  excitation  band  characteris¬ 
tic  of  Ce+3.  Furthermore,  evidence  of  radia¬ 
tive  transfer  is  seen  in  this  system.  Dis¬ 
tinct  minima  are  observed  in  the  Ce+3  emis¬ 
sion  band  of  the  mixed  crystal  and  the  posi¬ 
tion  of  the  minima  correspond  directly  with 
the  absorption  bands  of  Nd+3. 

The  transfer  efficiency  of  Ce+3  -*  Nd+3  as 
a  function  of  the  sensitizer-to-activator 
ratio  was  investigated.  It  was  found  that  by 
sufficiently  decreasing  this  ratio,  transfer 
efficiencies  on  the  order  of  90%  could  be 
measured.  An  increase  of  intercat ionic  dis¬ 
tances  between  the  sensitizer  and  activator 
was  also  achieved  by  reducing  the  total 
amount  of  trivalent  lanthanide  ions  in  the 
crystal.  Preliminary  studies  show  that 
energy  transfer  between  the  two  species  can 
be  eliminated  by  increasing  the  intercationic 
distance  to  approximately  10A. 

Similar  studies  were  conducted  on  the 
Ce+3-Tb+3  couple  in  /9"-alumina .  Evidence  of 
energy  transfer  in  this  system  can  be  seen  by 
the  appearance  of  an  additional  broad  band  in 
the  excitation  spectrum  of  the  540  nm  emis¬ 
sion  band  of  Tb+3.  Consequently,  the  pres¬ 
ence  of  Ce+3  was  found  to  enhance  the  excita¬ 
tion  of  Tb+3  in  the  region  where  the  weaker 
4  f -4 f  transitions  are  present.  As  was  found 
in  the  Ce+3-Nd+3  system,  high  transfer 
efficiencies  could  also  be  achieved  between 


the  Ce+3  and  Tb+3  ions  by  decreasing  the  Ce+3 
to  Tb+3  ion  concentration  ratio. 

^"-alumina  crystals  containing  a  mixture 
of  Yb+3  and  Er+3  ions  were  also  synthesized. 
The  occurrence  of  up-conversion  was  investi¬ 
gated  by  exciting  each  crystal  at  970  nm. 
This  wavelength  coincides  with  the  absorption 
band  of  Yb+3  in  ^"-alumina.  In  these 
crystals,  emission  bands  in  the  green  and  red 
region  of  the  spectrum  were  detected  from 
near-infrared  excitation.  These  results 
indicate  the  presence  of  up-conversion  pro¬ 
cesses  in  /9"-alumina. 
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Figure  1.  The  excitation  spectrum  of  the 
870  nm  emission  from  Ce+3-Nd+3-/?"-alumina  and 
Nd+ 3 -0" -alumina . 
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Studies  of  photoluminescence  (PL)  and  electroluminescence 
l EL)  of  semiconductor  (Sc)  electrodes  in  photoHectrochentical 
(PEC)  cells  are  complementary  techniques  that  can  provide 
information  on  many  basic  surface  and  interface  processes  such  as 
hole  (h*)  injection,  e'-h*  recombination  either  directly  or  via 
surface  states  in  competetion  to  photooxidation  and  photoclectron 
transfer  processes.  These  processes  determine  photon  conversion 
efficiencies  and  photodissolution  or  stability  of  the  electrode.  Earlier 
studies  have  shown  char  PL  due  to  bulk  e'-h'  recombination  in 
n-GaAs  electrodes  follow  a  'dead  layer'  model  (1).  For 
photoanodically  oxidized  surfaces  of  GaP.  Nakato  el  a!  (2)  have 
reported  PL  bursts  during  a  cathodic  sweep,  just  past  the  flat  band 
potential  (fbp).  This  was  attributed  to  recombination  involving  the 
trapped  photoholes  between  the  GaP  surface  and  the  oxide  layer. 
These  photoholes  are  precursors  to  photodissolution  and  other 
photoelectron  transfer  processes.  However,  a  detailed  mechanism  of 
de-trapping  the  trapped  photoholes  is  far  from  clear. 

In  the  present  work,  a  comprehensive  study  of  the  bulk  and 
surface  PL  d  ie  to  trapped  photoholes,  if  any,  was  made  on  n-GaAs 
with  and  witnout  a  10  nm  thick  cobalt  film.  In  a  previous  study  (3) 
it  wa<  iiiown  that  a  thin  Co  film  deposited  on  n-GaAs  prevented  the 
latter  from  photodissolution.  Effects  of  band  bending,  sweep  rate 
and  presence  of  ferro/ferricyanide  redox  couple  on  the  PL  have  also 
been  investigated. 


Experimental 

A  photoelectrochemical  cell,  consisting  of  an  n-GaAs  (iii 
face)  working  electrode,  platinum-counter  electrode  and  a  saturated 
calomel  reference  electrode,  was  used  under  potemiosiaiic 
conditions.  The  indifferent  electrolyte  was  K2S04  at  pH  9.2  in 
nitrogen  atmosphere.  The  GaAs  surface  was  etched  with  an 
acidified  1I202  solution.  A  c.w.  He-Ne  laser  beam  at  633  nm. 
chopped  at  890  Hz.  was  used  for  excitation  and  the  PL  spectrum 
was  recorded  with  a  Jarrell-Ash  monochromator  coupled  to  a 
photomultiplier  tube,  using  a  lock-in  technique.  A  10  nni  thick 
cobalt  film  was  deposited  on  the  GaAs  as  described  earlier  (3). 
Effects  of  ferro/ferricyanide.  band  bending  (applied  voltage)  and 
sweep  rate  were  investigated  at  a  fixed  wave  length  of  853  nm  (PL 
peak)  The  fbp  of  GaAs  at  pH  9.2  was  determined  from  the 
Mott-Schottky  plots  of  the  inverse  measured  capacitance  vs 
potential. 


Results  and  Piseussion 

Photoluminesccnce  results  when  photogenerated  holes 
recombine  with  electrons  («*')  in  the  conduction  band-  Figure  la 
shows  the  PL  spectrum  at  -1.2  V  SCE  or  0.4  eV  upward  band 
bending  (fbp  =  -1.6  V  SCE  at  pH  9.2). 

The  peak  observed  at  1.45  cV  (853  nm)  for  the  silicon  doned 
sample  of  GaAs.  with  a  carrier  concentration  of  3.5  x  10'Vw  .  is 
assigned  to  hand-io-band  (tail)  transitions.  The  deviation  of  the 
peak  position  from  the  standard  value  of  I  43  eV  (=  867  nm)  to 
1.45  eV.  is  attributed  to  carrier  concentration  >10  x  lO‘V»r  .  At 
30(1° K.  free  electrons  rather  than  the  deep  levels  of  the  conduction 
band  tail  are  involved  in  the  recombination  process 

The  ferro/ferricyanide  couple  had  no  effect  on  this  PL  (due  to 
hulk  recombination)  as  shown  in  Fig.  lb  and  no  EL  due  to  hole 
injection  by  the  fcrricyanidc  could  be  detected  at  pH  9.2.  At  this 


pH.  the  E°  for  the  redox  couple  lies  in  the  mid-gap  position  and  no 
EL  is  expected. 

The  effect  of  band  bending  (field)  on  PL  is  shown  in  Figs  lc. 
2a  and  2b.  The  PL  intensity  is  high  when  the  bands  arc  bent  down 
(Fig.  2a)  and  decays  exponentially  as  the  bands  are  bent  up 
gradually  as  electrons  and  holes  are  separated  by  the  application  of 
an  electric  field  in  the  reverse  direction,  with  the  photoholes 
accumulating  at  the  surface.  This  PL  is  attributed  to  bulk 
recombination,  and  fits  a  "dead  layer"  model.  If  the  electrode  is 
held  under  photoanodic  conditions  for  some  time  to  allow  oxidation 
of  the  surface  to  take  place  by  the  photoholes  according  as: 


GaAs  *nh'  +  /i0W"  -*  GuAs(OH)n  or  [GflAj(0')n  +  nH']  .  (1) 


and  the  field  is  subsequently  reversed  in  the  forward  direction,  then 
a  burst  of  PL  is  observed  (Fig.  2b)  at  -0.4V  past  the  fbp  (cathodic) 
i  e.,  after  a  downward  hand  bending  of  0.4  <V.  The  photoinduced 
surface  states  lie  at  0.4  eV  below  the  conduction  band  edge  (bands 
bent  up)  and  have  been  reported  (4-6)  to  result  in  an  increase  of 
photocapacitance.  The  PL  burst  (Fig.  2b)  itself  occurs  as  a  result  of 
the  photoexcited  electrons  (e‘  *)  being  captured  in  the  reduction  of 
the  surface  oxide  in  competetion  to  the  electrochemical  transfer  of 
electrons  from  the  conduction  band  (c.b)  (7)  according  to  Eqns  2 
and  3.  while  the  photoholes  combine  with  e~c  b . 


GaAs(OH)n  +  W*  ♦  e’/e  *  -*  GaAs(OH)n-\  +  HjO  .  (2) 


GqAs(OH)„- i  n€  I"- — ►  GaAs(  )n  .  in  steps-  (3) 


Further  reduction  of  GaAs  surface  to  hydride  is  reported  to  occur 
by  hole  injection  in  the  conduction  band  (8). 

The  trapping/det rapping  of  photoholes  and  hence  the  PL  can 
be  modulated,  resulting  in  one  or  more  PL  peaks  by  using  different 
rates  of  potential  sweep  Ferro/ferricyanide  is  found  to  enhance  the 
PL  due  to  surface  recombination  involving  detrapped  holes  while  the 
cobalt  film  suppresses  it.  The  surface  deposited  cobalt  probably 
serves  to  capture  the  surface  trapped  photoholes  by  donating  its  two 
4s  electrons  and  possibly  a  3d  electron,  thus  reducing  the  PL 
(Fig.  3a  and  3b)  and  also  preventing  photooxidation  and  dissolution 
of  the  surface.  Alternatively,  cobalt  may  "kill"  the  visible  PI.  by- 
promoting  non-radiative  or  ir-radiative  recombination  of  the  e'  -h' 
pairs  by  introducing  deep  3-d  impurity  centers  in  the  surface. 


Re  ferences 

1-  Hobson.  W.S.  and  Ellis.  A.B.,  J.  Appl.  Phys.,  54.  5956  (1983). 

2  Nakato.  Y..  Morita.  K  and  Tsubomura.  H  .  J.  Phvs  Chem  .  90. 
2718  (1986). 

3.  Ahmed.  S.M..  Leduc,  J.  and  Haller.  S.F  Extended  Ahs  #SS. 
Eleetrochem.  Soc.  Fall  Meeting.  Oct.  1985  (Las  Vegas)  p  515;  to 
be  submitted  to  J.  Eleetrochem  Soc 

4.  Vanmaekelbergh.  D..  Gomes.  W.P.  and  Cardon.  F. 
Ber.Bunsenges.  Phys.  Chem..  89.  987  and  994  (1985). 

5.  Wolf.  B.  and  Lorenz  W..  Fleetrochimtca  Acta.  2S.  699  (1983). 

6.  Allongue,  P  and  Cachet.  IL.  J.  Eleetrochem  Soc..  152.  45 
(1985)  and  references  therein. 

7.  Gerischer.  H.  and  Mattes.  1.7...  Phv.uk  Chem.  Neue  Edge.  49. 
112  (1966). 

8.  Benard.  D.J  and  Handler.  P  Surface  Science.  40.  141  (1973) 


8  30 


INTENSITY,  ARBITRARY  UNITS 


Abstract  No.  574 


A  Comparative  Study  of  Photoluminescence  and 
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The  technique  of  low  temperature 
photoluminescence  (PL)  has  been  widely  used 
for  characteri2ing  impurities  and  defects  in 
semiconductors.  Application  of  this  method 
is  relatively  straightforward  and  capable  of 
producing  excellent  results  if  samples  are 
of  good  quality.  The  PL  method  does,  how¬ 
ever,  have  some  limitations  in  the  detection 
and  identification  of  impurities,  especially 
in  the  case  of  somewhat  less  perfect  crystals. 

As  an  alternative  to  the  use  of  PL  for 
characterizing  impurities  in  semiconductors, 
one  can  use  the  method  of  selective  pair 
luminescence  (SPL) ,  a  method  which  has  been 
developed  relatively  recently.  Whereas  in 
the  PL  technique,  an  above-band  gap  laser 
energy  is  used  to  excite  electrons  from  the 
valence  band  to  the  conduction  band,  in  the 
SPL  technique,  a  tunable,  below-band  gap 
laser  energy  is  used  to  selectively  excite 
the  donor-acceptor  pairs  of  interest .  SPL 
thus  allows  the  precise  determination  of  the 
energy  difference  between  the  acceptor  ground 
state  and  its  excited  states  and  can  be  used 
to  identify  different  impurities.  SPL 
usually  can  provide  an  unambiguous 
identification  of  the  acceptors,  and 
furthermore  it  is  capable  of  doing  this  even 
in  less  perfect  crystals. 

In  the  present  work,  both  PI  and  SPL 
measurements  have  been  made  on  liquid- 
encapsulated  Czochralski  (LEC)  bulk-grown 
undoped  GaAs,  horizontal  Bridgman  (HB)  bulk- 
grown  Cr-doped  semi-insulating  (SI)  GaAs,  and 
an  undoped  vapor-phase  epitaxial  (VPE)  layer 
of  GaAs  grown  on  a  Cr-doped  SI  GaAs 
substrate.  Measurements  were  made  as  a 
function  of  pump  laser  energy,  excitation 
J  ser  intensity,  and  sample  temperature,  a.  J 
the  results  have  been  compared  with  each 
other. 

Photoluminescence  measurements  were  made 
at  4.2  K  by  immersing  the  samples  in  liquid 
helium.  The  photoluminescence  was  excited  by 
either  the  5145  A  line  or  4880  A  line  from  an 
argon-ion  laser.  The  selective  pair 
luminescence  measurements  were  made  at  2  K  by 
immersing  the  samples  in  liquid  helium  and 
then  pumping  on  the  helium.  The  samples  were 
mounted  on  the  cold  finger  in  a  strain  free 
manner.  The  below-band  gap  excitation  was 
provided  by  a  tunable  dye  laser  pumped  by  an 
argon-ion  laser.  The  emission  spectra  were 
analyzed  using  a  3/4-meter  Czerny-Turner 
spectrometer,  and  detected  with  a  cooled  RCA 
31034A  photomul t ipl ier  tube. 

The  results  show  that  the  SPL  technique 
is  very  sensitive,  and  capable  of  identify¬ 
ing  acceptor  impurities  which  cannot  possibly 
be  resolved  or  even  detected  by  the  PL  method. 
From  the  LEC  sample,  only  C  and  Si  impurities 
were  identified  through  PL,  but  Zn  was  also 
detected  ac  additional  impurity  using  SPL. 


For  the  Cr-doped  SI  GaAs,  PL  was  unable  to 
identify  any  specific  impurities,  but  SPL 
confirmed  that  Zn  and  Si  were  the  major 
impurities.  For  the  VPE  GaAs,  PL  showed  Zn 
was  the  dominant  impurity  with  a  small  amount 
of  C  and  Ge  present,  whereas  SPL  showed  not 
only  the  presence  of  Zn,  but  also  that  of  Mg 
and  Si  impurities. 

These  results  clearly  show  that  the  SPL 
technique  provides  for  very  sensitive, 
unambiguous  acceptor  identification  compared 
to  the  PL  technique.  It  is,  however,  not 
without  its  limitations.  For  example,  in 
some  cases  SPL  will  fail  to  show  the  presence 
of  impurities  seen  in  PL.  A  case  in  point  is 
the  presence  of  Ge  and  C  in  the  VPE  sample 
seen  in  PL  but  not  in  SPL  at  an  excitation 
energy  of  1.5112  eV.  One  might  conclude  that 
SPL  and  PL  techniques  can  be  complementary 
and  used  together  to  produce  a  more  complete 
picture. 

In  the  SPL  spectra,  the  positions  of  the 
luminescence  peaks  are  found  to  be  nearly 
independent  of  the  excitation  laser  intensity 
for  a  change  in  laser  intensity  of  two  orders 
of  magnitude  as  long  as  the  excitation  energy 
remains  the  same.  However,  as  the  intensity 
increases ,  the  SPL  peaks  become  less  sharp. 

On  the  other  h^nd,  in  the  PL  spectra,  as  the 
excitation  intensity  increases,  the  D-A  pair 
transition  lines  shift  to  higher  luminescence 
energies  and  an  appreciable  narrowing  of  the 
emission  band  occurs. 

Although  the  optimum  SPL  spectra  are 
obtainable  at  the  lowest  temperature  of  2  K, 
a  considerable  amount  of  SPL  intensity  can 
still  be  obtained  even  at  temperatures  as 
high  as  10  K.  In  this  regard,  the  general 
temperature  dependent  behavior  of  SPL  is  very 
similar  to  that  of  PL.  Thus  the  temperature 
restrict  ions  upon  the  observable  SPL  are  not 
as  critical  as  has  been  generally 
anticipated.  However,  in  the  SPL  spectra, 
the  positions  of  the  luminescence  peaks  are 
nearly  independent  of  sample  temperature  as 
long  as  the  excitation  energy  is  the  same, 
whereas  in  the  PL  spectra,  the  D-A  pair 
transition  lines  shift  to  higher  luminescence 
energies  as  the  sample  temperature  increases. 

As  far  as  dependence  on  excitation  laser 
energy  is  concerned,  it  is  found  that  the 
structure  of  the  SPL  spectra  is  very 
sensitive  to  the  pump  laser  energy. 
Furthermore,  some  impurities  can  be  easily 
observable  at  certain  excitation  energies  and 
not  be  visible  at  other  excitation  energies. 
Thus,  selection  of  the  pump  laser  excitation 
energy  is  very  important  to  finding  an 
optimum  signal  for  a  given  species.  In  other 
words,  the  great  advantages  of  the  SPL  method 
can  not  be  realized  unless  the  SPL  signals 
are  optimized. 

In  summary,  the  SPL  technique  can  provide 
in  most  cases  an  unambiguous  impurity 
identification  far  better  than  the  standard 
PL  method.  In  this  paper,  the  SPL  technique 
has  been  applied  to  several  samples  of  GaAs 
and  the  various  experimentally  observed 
excited  states  of  C,  Mg,  Zn,  Si,  and  Ge 
acceptors  are  reporter . 
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EXTENDED  ASBSTRACT 

Tii  t  n  films  of  undoped  or  indium  doped  CdSe 
were  d* posited  on  undoped,  phosphorous  or 
oxqen  doped  substrates  of  ZnTe  using  a 
sublimation  technique*  [  2  ) .  The  photo- 
1 umi nesepno’  (PL)  spectra  of  CdSe  and  ZnTe 
wore  recorded  and  compared  with  the  electro¬ 
luminescence  (EL)  spectra  obtained  for  the 
hetero junct.  ion  in  the  same  range  of  tempera¬ 
ture. 

A  nroen  emission  was  obtained  for  CdSe/ZnTe 
h*  terojunct ions  with  either  undoped  or 
t  host'iior  (jus  dooed  ZnTe  subs*  rat- .  For  "n- 
do[..»r}  substrata's,  the  electroluminescence 
(EL)  spectrum  consists  of  several  peaks 
situated  approximately  at  2. 28,  2.31  and 
2.1c>e7.  The  position  of  the  peaks  was  found 
to  b*>  dependent  on  the  excitation  current 
and  temperature.  The  transitions  involved 
are  attributed  to  native  or  residual 
defects  (2).  The  (EL)  spectrum  obtained 
for  Ivtrrojnnct  ions  with  phosphorous  doped 
s u bs I.  rates  cons  i  s t s  of  a  non  phonon  l  r  {  A ) 
transition  centered  approximately  at  2.33eV 
and  a  second  transition  (B)  appearing  at 
hiqher  energies  (2.36eV).  The  (A)  transi¬ 
tion  is  attributed  to  the  recombination  of 
eond notion  band  electrons  with  holes  at.  an 
acceptor  level,  whereas  the  (B)  transition 
is  attributed  to  electrons  at.  a  donner  level 
r  er;ombi  ri  i  rig  with  holes  at.  the  valence  band 


Red  emission  was  also  obtained  for  hetero¬ 
junctions  with  undoped  or  phosphorous  doped 
ZnTe  substrate.  For  these  samples,  the 
electrolumi nescence  spectrum  consists  of  two 
bands  at  l.93eV  and  1.65eV.  The  hiqher 
energy  band  is  relatively  close  to  that  duo 
that  due  to  oxygen  in  ZnTe.  However,  the 
PL  spectrum  of  the  ZnTe  substrates  is  in  the 
green  region  of  the  spectrum.  Therefore,  we 
exclude  the  possibility  that  the  observed 
emission  band  is  due  to  oxygen.  On  the 
other  hand,  the  energitic  position  of  this 
band  is  higher  than  the  energy  gap  of  CdSe. 
Therefore,  injection  of  carriers  in  CdSe  is 
also  excluded.  If  the  evaporation  period  is 
sufficiently  long  and  the  processing  tempera 
ture  is  relatively  high,  the  diffusion  of 
impurities,  zinc  and  selenium  from  either 
sides  of  the  junction  could  result  in  the 
formation  of  an  intermediate  high  resistive 
layer  of  CdZnxSej-x.  This  result  was 
confirmed  by  SIMS  analysis.  Consequently, 
the  observed  emission  at  1.93©V  could  be 
attributed  to  the  radiative  recombination  of 
carriers  in  an  intermediate  region.  The 
1.93oV  transition  was  not  observed  in  the  PL 
spectra  of  either  the  CdSe  layer  or  the  ZnTe 
substrate.  A  possible  expl ana t l on  is  that 
the  above  band  arises  also  from  radiative 
transitions  in  an  intermediate  region. 
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A  red  emission  was  obtained  for  hetero junc¬ 
tions  with  oxygen  doped  ZnTe  substrates.  The 
emission  consists  of  a  transition  at  1.986eV 
followed  by  a  series  of  phonomc  replicas, 
a*  2 fjmeV  intervals,  appearing  at.  lower 
energies.  This  spectrum  is  identical  to  the 
photo  1 um i nescence  (PL)  spectrum  we  have 
obtained  for  oxygen  doped  ZnTe  and  is  quite 
different  from  the  pi,  spectrum  recorded  for 
th*.*  CdSe  layer.  As  a  conclusion,  -joo<1 
agreement  was  obtained  between  the  F.L 
spectra  of  the  CdSe/ZnTe  hetero junct l on  and 
‘h°  PL  of  t  tie  ZnTe  substrate  indie.V  mg  that 
c-irri'M  injecMon  is  tuk.r.g  place  in  ZnTe. 
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I.  INT-vI/l'MIlN 

Although  intrinsic  electruluu.ir.escet.ee  <t 
I  )has  teen  known  for  more  than  hai f a  century . 
Papers  on  the  subject  has  shown  that  former  ex¬ 
isting  theoretical  m-uels  cannut  treat  satis¬ 
factorily  ali  the  fea  ..res  of  EL  pnenon.ena.anu 
sti.i  seem  rather  cru^j  ana  need  frequent  r c- 
viHior.  as  new  experimental  facts  appear. 

:y  observation  with  microscope , the  EL  li¬ 
ght  emission  usually  in  form  of  alternating 
coruscat  .ng  lines,  some  of  which  haw-  tt.e  form 
f  double  comets  fleeing  each  other  are  actu¬ 
ary  one  unit.  The  dark  interspace  *ir.  the  cen¬ 
ter'  siu  ter.s  with  incr  easing  vol'age  and  leng- 
tners  with  increasing  high  frequency  of  the 
a|.{  .loj  voitagv.  II .  uU.  i  :c.it  ior.  f  tne  tines  with 
s[..ts  of  ultraviolet  quenches  the  EL.  The  my¬ 
sterious  phenomena  con  indeed  exist,  cut  what 
causes  have  never  Peer.  tnorou*.niy  revealec. 

recently  several  author-s  confirmed  tnat  LL 
tart  id- s  contain  numerous  r^uu  voids  ana  lo¬ 
ng  hollow  channels  which  can  be  treated  as  lu¬ 
minescent  resonant  cavities'--  at  which  tne  in¬ 
ternal  surfaces  are  deposited  with  transparent 
copper  sulfide  and  especially  wi tn  acicuiar 
conducting  occlusi^nc  wnicr.  muj  a .  t  ..s  iignt- 
em.ttm/  sources.  fcv&t  of  them  are  lac  a  of 
tips  at  wnich  canr.ot  be  able  to  naze  lignt  em¬ 
ission  tut  act  as  capacitors. Since  the  poten¬ 
tly.  is  muen  higher  at  tne  tips  of  tne  occlu- 
..  lo.-.s,  me  would  expect  tnat  tne  ixgnt  is  •;m- 
lttea  at  tne  t.ps  only. 

Juppose  the  cavity  is  energised  in  the  ap- 
t  1  i >.-.j  voltage  with  suitable  resonant  frequency 
an  .s  may  produce  a  i.ign  voltage  by  wmen  the 
s:  jIh  or  stnatiuns  of  r.L  lignt  emission  car¬ 
te  found  at  tne  tips  of  acicuiar  conducting  oc¬ 
clusions  oi  along  tne  lirections  of  electric 
lielas.  This  is  a  relevant  testimony  that  t.n- 
cause  of  EL  lignt  emission  is  cioseij  a..s.--i- 
*itn  silent  discharge  m  tne  cav.ty. 

it  is  obvious  tnat  the  si  it,*..  I  ui  senary.; 
i  - :: .1  r. r.t  e f : ec t  and  tne  observed  shape  have 
u  •<*;.  found  to  it- pend  upon  Loin  o:  ti.-  moc.n i- 
*.  u  of  ti;v  excit.ng  voltage  .'or  the  cavity 
■  -  ■  tne  frequency  of  tne  applied  Volta?  e.  As 
I-.,  t : .  o  ouservat .  s/h  phenomena  ,  tn-.Te  are  a  lew 
wu.c n  ar  su f f ic lently  important  to  require 

.  The  inflame  of  excxting  voltage 
If  trie  vo i  tago , except  very  hign  lrequency, 
m  applied  across  the  F, I.  conuenser ,  this  give; 
r  t.j  a  •  ycitii.r-'  Voltage-  ,.nst  enough  to  pro- 
j.:e  i.i  r.t  siscr.arg-  at  tne  tips  of  the  uc  > 
iu:  .  me.  ji  along  t:.e  directions  of  electri. 

;  and  r>-m;.i  r.  tor  ligrit  genera  t .  >.»n  with 

.•■nations  or  teebie  spots,  tt  is  ensny  uis- 
r.i  n»-..j  by  colour  ii»  the  dielectric 

*  .  ‘  r.  mr  tut.:  i-h  ,  s-..  that  a  col  linear  uouLie- 
■  rr-.-t.  !  li..-  a:.  n-  s'-en  ,  f  c.urse,  tnciuiw.r 

.--vi.it:  .1  or.  v-j  t ;  o.  ,  wi  th  me  reasi  r.> 

■  -*  i  :.»■  v  ■  1  t  .■  i .  ■ : .  .'.r....wn  as  ri»-  .p-  1. 


2i.  Tkie  influence  of  frequency 
It  can  be  seen  not  ur.xy  tnat  tne  tails  of 
the  two  comets  wo, id  shorten  with  weakening 
the  action  of  sil  nt  discharge  as  decreasing 
exciting  voltage;  but  also  tnat  trie  taiis  of 
two  cornets  would  shorten  with  weaker. ing  tr.e 
action  of  silent  discharge  ana  decreasing  ex- 
citir.g.  voitage  simultaneously  as  increasing 
frequency  of  the  exciting  voltage. 

If  ar.  external  Voltage  is  -  =  UD..sir.wi  a- 
snown  in  Figure  2.  Tne  essential  results-’  ca¬ 
ne  derived  as  follows: 

< > )  ro.,.r*FT7r*<ru n>f- 

where:  f0  is  the  resonant  frequency. 

is  the  quality  factor  of  tne  circuit 
The  max-value  of  tr.e  voltages  are 

Ucmax=  ^  —  X-  5  L’Lmax=  f-  ■  ~ ^ 

Figure  3  is  tne  curve  drawn  by  tr.e 

following  equation 

(3)  o-  =  Ik  =  -^'U  . 

/sjk^  ♦  (wL-l/i  ;  |2 

It  is  ofcv.uus  tr.at  as  l/^-O  ,  or 
the  b'»jj>ax  can  occur  above  resonant  frequency 
f.,  t{,e  Ucmax  can  occur  below  resonant  freque- 
ncy  f^.  Meanwhile  "Lmax  =  ”^n.ax  • 

Tiier. ,  yielding 

W,max=,-Cmax  >  bc«=bLo  ='iL- • 

Figure^  is  shown  the  curves  wf  f )  ,'J^f , 

and  ’.  j (f)  as  H=1 .  At  rescnai.ee,’  =  H'. 

=  "  =  U  ,  can  be  seen  that  .-igure  •*  is  comp¬ 
ared  with  Figure  3.  or  derived  from  calcula¬ 
tion  ,  the  more  ^-value  is  increased , tne  tetter 
t^t.n  of  f  Uj  Lnox )  *•'«»  f'WI  approach  t.  re- 
sonar. t  frequency  fw.  Conversely  m.re  apart. 

Figure  b  illustrates  f  it Lc.a;< .  ana  f  CU  Jn.&x 
are  imaginary  values  as  ^<.1/^2.  -t  is  oivilus 
that  tne  V i_  ar.u  l'c  in  tne  frequency  raj. ge  1'r-n. 
zero  to  infii.it  canr.ot  Le  able  to  obtain  max¬ 
imum  value.  At  resonance,  '.! Lo=’-Co-<tI-^b  • 

It  is  ascertained  that  the  silent  discha¬ 
rge  and  double-comet  lines  would  lade  away  si¬ 
multaneously  as  very  nigh  frequency  exciting 
voltage,  say  above  Jo  megacycle  , impress? i  u:  i. 
the  El  conuer.s-T . 

q.  LLfl-AVIi.  LET  ,'CKNCHro  EL 

Aijy  adjacent  space  at  the  tips  can  be 
n l zea  by  the  i  1  luminatiun  of  uitravioi-.’t  at 
which  tr.e  potential  would  cg  decrease d  ry  tne 
mfluei.ee  of  ior?  cloud, so  that  i.  .ignt-i -mr- 
tn.f  point  is  quenched  or  the  car*  aiscn<«:gv 
riiay  pro-iuce  at  tr.e  tij.s. 


>.  CoNCI  EJh  N 

It  is  possible  tnat  this  paper  cont-iir.a  .. 
it  rain  of  truth  wr. ion  cm  .‘xpiaiti  s..m«_-  catic 
pht/nomei.a  succeosfu .  iy .  !t  m-iy  lead  on  •  ex- 
plainii.r  t- o  iw.jortant  :.n.sc  of  El  Jiteriora- 
tion  an o  to  calculating  the  liie  of  EL  device 
mu  it  will  be  of  io.portai.ee  for  preparat : or. 
i  El.  material. 


e  f ''Ten .-  es 

1;  d.  l.arach,  ■.  ed.),  i  lioto-ie troi. ic 
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1 .  INTRCDUCTICN 

This  paper  relates  to  a  novel  sun-powered 
enamel-type  electroluminescent  (.  EL  )  display 
device  with  variable  emission  colours  which, 
in  combination  with  arrays  of  sil-ic^n  solar 
cells,  a  thermoB.agr.ctic  element,  a  set  of  Ag- 
Zn  accumulators  ana  an  electrical  timer-in¬ 
verter,  can  be  automatically  played  an  impor¬ 
tant  role  as  a  safety  signal  in  the  country¬ 
side  railway  ^unction.  Tne  complete  oioC*  sy¬ 
stem  in  series  as  shown  in  Figure  l. 

2.  CCKSTRUCriLN  AND  OPERATION 

Unit  A  is  an  engmel-type  EL  display  device 
with  variable  emission  colours  on  both  surfac¬ 
es  wherein  a  layer  of  EL  mat-rial  Zn3:Kn-  or 
Zr.o :  Er-f  ilm  which  is  fired  or  deposited  bet¬ 
ween  two  electrodes,  cne  of  them  being  semi¬ 
transparent  emission;  both  electrodes  having 
a  nigh  reflection  coefficient  anu  emission  wa¬ 
velength  with  a  given  colour. The  interference 
relationship  is  giver,  by  the  following  expre¬ 
ssion 

2un  x  con p  =■  (  n.  (wj  +  ^  )/2  tt)  k 

where 1 :  a  is  the  thickness  of  ZnS:Mn-film,  n 
is  tne  refletion  index,  flxs  the  viewing  angle 
of  the  output  emission,  m  is  the  interference 
order,  Xis  tne  emission  wavelength,  0j,  ana 
Otr  are  the  phase  jumps  occuring  wnen  the  emi¬ 
ssion  is  reflected  from  the  electrodes.  It  is 
obvious  that  by  a  small  variation  of  the  EL 
film  thickness  d,  one  can  obtain  a  colour  cn- 
ange  from  green  (  ^‘yoOA )  orange  (3c3oA)to  red 
(6<40uA).  Therefore  a  green  or  red  signal  on 
both  surfaces  of  the  enamel- ty pe  EL  display 
device  can  occur  a  definite  position  in  the 
railway  junction. 

Unit  fc  consists  of  an  electrical  timer- 
liiverterana  a  set  of  small  Ag-Zn  accumulators 
m  high  capacity.  The  brightness  .ev«l  anu  tne 
time  in  need  ofurdt  A  in  tne  railway  ^unction 
cai-  be  exactly  controlled  by  tne  timer-inver¬ 
ter.  Trie  power  is  supplied  by  the  Ag-Zn  accu¬ 
mulator  which  can  be  charged  by  the  silicon 
solar  cells. 

Unit  C,  a  group  of  silicon  solar-  cells  are 
distri Luted  on  a  thin  panel  which  is  coupled 
witn  a  tnermumagnetic  element.  Each  cell  app¬ 
ears  a  rectangular  wafer  about  u.ob  cm.  thicK 
utua1  1  cm.  x  2  cm .  in  size,  power  output  m 
in  general  depends  on  the  number  of  series  / 
parallel  cells  used,  here  is  considered  to  be 
combined  witn  Ag-Zr.  accuo.uiators ;  The  thermo- 
magnetic  element  has  a  long-snapeo  piece  mag¬ 
net  is  pivoted  to  rotate  within  aplastic  ring 
which,  a  ferrite  can  be  used,  is  coated  with  a 
low-curie  temperature  rare-earth  metal  gado¬ 
linium  powuer  coating  (Tc  =  2VbK)^as  snown  m 
'■igure  2.  .heat  gi:.k  not  drawn).  This  ring  nas 
a  permeability  that  falls  with  temperature . J t 
also  exibits  a  low-curie  temperature  at  which 
permeability  reaches  unity. The  magnet  can  rest 
in  any  position  when  the  ring’s  temperature  is 
uniform.  During  the  sun-iignt  strides  on  the 
ring  shown  as  arrows,  the  area  S  becomes  non¬ 
magnetic,  tnerefore  tne  magnet  rotates  to  t;.»- 


pooltiwi.  sho*..>.  it  At,  ucViv.b  that  tne  ha- 
nei  of  sijicun  soiar  ce.ls  is  fixed  to-tetm_-r 
with  tne  magnet  to  be  rotated  witn  itssuri&:e 
towards  the  sun. 

3.  CONCLUSION 

This  6un-powered  enamel-type  EL  display 
device  with  variable  emission  colours, m  com¬ 
bination  with  tne  important  unit  C,  has  great 
reliability  indefinite  life  expectancy  m  op¬ 
eration;  It  can  be  useu  not  only  in  tne  rail¬ 
way  junction  ana  in  any  otner  traffic  roa-j  ju¬ 
nction,  but  also  can  be  used  in  mt  ii  altitude 
and  man-maae  satellite. 
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Figure  2.  The  thermomagnetic  element 
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Abstract 

The  1II-V  ternary  alloys  have  been 
proven  to  be  the  extremely  exciting  techno¬ 
logical  materials  in  luminescence,  laser 
and  microelectronic  devices.  Recently, 
increasing  attention  has  been  paid  to  the 
deep  centers  in  these  alloys  since  their 
main  electronic  properties  vary  continously 
with  their  compositions.  We  report  here  on 
the  investigations  of  the  ranaom  alloy 
effects  on  Fe-accepter  center  in  GaAsP  for 
a  large  range  of  composition. 

Iron  is  one  of  the  most  frequent  'j>d 
contaminants  in  III-V  compounas.  It  is 
known  that,  in  GaAs  and  GaP,  iron  introduces 
rather  deep  centers  and  the  measurements  of 
optical  and  thermal  emissions  of  Fe  center 
correspond  to  the  hole  transition  Fe-'i— > Fe^+ 
according  to  the  experimental  results  of 
ESP,  optical  absorption,  pnotoluminescence 
and  DLTS,  etc.  GaAsP  i6  the  alloy  of  GaAs 
and  GaP.  In  GaAsP,  Fe  deep  centers  have  more 
complicated  properties. 

Samples  used  here  were  p+n  aiodes.  The 
GaAsP  layers  were  grown  by  MOVPE  and  the 
iron  impurity  concentrations  were  selected 
in  the  range  of  Np  /N^ — O.Oi>.  fhe  composi¬ 
tion  x  of  each  sample  was  measured  by  micro- 
probe  analysis  in  a  scanning  electron  micro¬ 


scope  with  uncertainty  less  than  +2.%. 

The  experiments  show  that,  for  Fe 
centers  in  GaAsP,  the  thermal  transient 
capacitance  curves  arc  nonexponential.  .,e  fit 
these  nonexponential  thermal  transient  capa¬ 
citance  curves  ana  DLTS  with  the  moaei  of 
deep  level  Gauss  broadening  caused  cy  the 
alloy  disorder  effect  and  obtain:  (1)  the 
thermal  emission  rates  of  hole  :or  central 
level  after  oroaaening  and  tneir  temperature 
dependence  ©p0(I),  (£;  the  level  Gauss 
oroaaening  widths  wnich  their  relation  wi in 
compositions  5(x)  is  consistent  with  theore¬ 
tical  prediction  of J  x(1-x)  .  From  Arrhenius 
plot  "  e£0/T2—  1/T  ",  the  tr.ermal  enthalpy 
changes  on  composition  dependence  H^Cx) 
during  i.ole  transition  were  determined.  It 
is  found  that  Hp(x)  are  distinctly  diffe¬ 
rent  from  the  Gibes  :ree  energy  changes 
Gp(x)  obtained  by  the  potocapaci tance  tran¬ 
sient  method.  Values  of  H^Cx)  decrease  at 
first  and  then  increase  with  increasing  com¬ 
positions. 

By  calculating  the  entropy  changes 

during  hole  transition  o  (x),  it  is  suown, 

P 

:or  x=0  and  x=l,  the  acceptor  states -of  Fe- 
center  are  anti bonding,  buc  lor  J<x<1  ,  the 
bonding  states  are  chanced,  being  the  values 
of  Kp(x)  and  Sp(x),  our  lurther  calcula¬ 
tion  shows,  tnere  is  the  evidence  for  lat¬ 
tice  relaxation  induced  by  al^oy  disorder. 
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There  are  many  appli rat  ions  for  this  target/tuhe 
in  small  T.V.  cameras.  These  include:  active 
night  vision,  LED  and  laser  imaging,  fibre  optic 
inspection,  observation  of  defects  in  semi¬ 
conductors  using  polarised  r.H.,  thermal  imaging 
at  temperatures  above  1  50°C  and  aerospace 
appl ications. 

Tt  is  desirable  to  achieve  greater  sensitivity 
beyond  2000nm  where  there  are  more  laser  imaging 
applications.  Here  it  will  be  necessary  to 
improve  on  window  and  lens  materials  for  higher 
transmission  and  M.T.F. 


It  has  been  known  for  many  years  that  the  addition 
of  sulphur  to  a  lead  oxide  photoconductor  extends 
the  spectral  response  from  the  intrinsic  long 
wave  limit  of  650nm  into  the  red  and  infra  red 
regions  (Kef  1 ).  Previous  attempts  to  produce  an 
infra  red  Vidicon  device  working  beyond  lOOOnm 
and  very  recently  up  to  27000nm  (Ref  2)  without 
target  cooling  have  been  fraught  with  problems  of 
high  dark  current,  poor  shading,  blemishes  and 
general  instability. 

This  paper  describes  our  efforts  to  develop  a 
Leddicon  type  of  target  (Ref  5)  achieving  high 
sensitivity  between  1000  and  2000nm  while 
Aaintaining  low  dark  current,  low  lag  and 
acceptably  good  shading  and  stability.  The 
performance  of  the  target  which  is  now  commercially 
available  in  1  inch  and  *  inch  tube  sizes  (Ref  O 
depends  on  the  target  and  tube  processing 
parameters.  The  critical  areas  here  are  the  lead 
oxide  evaporation  through  a  gas  atmosphere 
followed  by  partial  sulphurisation  and  the 
formation  of  a  semi-blocking  contact;  for  which 
proprietary  techniques  have  been  developed. 

A  shift  in  the  intrinsic  PbO  bandgap  energy  from 
1.9eV  down  to  0.8  -  0.6eV  gives  rise  to  the 
extended  spectral  resi  ise  as  indicated  from  t lit? 
measured  absorption  e  s  at  1400nm  and  2000nm. 

The  colour  of  the  layer  changes  from  yellow/orange 
to  black.  A  total  conversion  to  PbS  would  shift 
the  band  gap  energy  to  0,4eV  with  the  absorption 
edge  nearer  TOOOnm  but  this  is  undesirable  since 
the  resistivity  is  too  low  for  normal  Vidicon  type 
operation.  S.E.M.  and  X-Ray  diffraction  studies 
show  that  the  lt>0  retains  its  platelet  structure 
but  with  modifications  depending  on  how  much  sulphur 
is  introduced.  For  large  amounts  it  is  likely 
that  a  "skin"  is  formed  on  the  platelets 
causing  a  change  in  their  size  and  shape  throughout 
the  depth  of  the  lever. 

Layer  thickness  and  applied  voltage  are  two 
important  factors  in  determining  the  profile  of  the 
electric  field  within  the  ta~get.  High  fields  mean 
higher  sensitivity  and  resolution  but  the  consequent 
higher  dark  current  degrades  picture  quality, 
shading  and  transient  effects.  These  factors  are 
adjusted  therefore  to  give  optimum  performance  and 
long  tube  life.  Tvpical  amplitude  response  with 
45  volts  applied  to  the  target  is  W'  at  400TV 
lines  with  a  limiting  resolution  of  better  than 
600  TV  lines.  Dark  currents  are  usually  kept  at 
5  -  10nA  with  overall  shading  better  than  50 r//. 

For  short  exposures  the  decav  lag  after  5TV  fields 
is  tvpical  lv  50^  of  peak  signal.  Longer  term  image 
retention  is  problematical  for  tubes  with  the 
broadest  spectral  response,  where  extra  charge 
trapping  occurs  around  regions  of  high  sulphur 
concent  rat i on  in  the  laver. 
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Amorphous  photoconduct ive  materials  have  many 
advantages  in  imaging  applications.  Various 
types  of  imaging  devices,  such  as  SATICON®, 
a-Si  vidicon,  and  two-story  solid  state  imager, 
have  been  introduced.  Recently,  we  discovered  a 
new  phenomena  of  avalanche  carrier  amplification 
inside  an  amorphous  layer,  and  confirmed  that  it 
was  very  effective  in  obtaining  extremely  high 
sensitivity  in  imaging  devices. 

Avalanche  Multiplication 

Figure  1  shows  the  structure  of  the  sandwich- 
type  a-Se  sample  used  for  our  experiment  U. 

The  semi-transparent  Cr  is  used  for  a  light 
incident  side  electrode  and  Au  layer  for  a  top 
electrode.  The  very  thin  impurity-doped  mostly  Se 
layer  was  inserted  between  the  Cr  electrode  and 
the  a-Se  photoconductor  which  has  been  very 
effective  in  preventing  hole  injection  from  the  Cr 
electrode.  Au/Se  junction  forms  the  electron 
blocking  contact. 

The  a-Se  layer  is  biased  so  the  Cr  electrode 
side  becomes  positive,  and  the  sample  is 
illuminated  by  the  monochromatic  light  of  400 
nm.  The  current-electric  field  characteristics 
for  various  film  thicknpss  are  shown  in  Fig.  2(a) 
and  (b). 

The  incident  light  is  absorbed  in  the  a-Se  layer 
within  a  depth  of  approximately  50nm  from  the 
illuminated  side.  Therefore,  the  photocurrents 
shown  in  Fig.  2(a)  correspond  to  the  hole  initi¬ 
ated  currents,  and  those  in  Fig.  2(b)  correspond 
to  the  electron  initated  currents.  With 
increasing  the  electric  field,  photocurrents 
increase  and  tend  to  saturate  to  the  level  where 
the  photoconduct ive  quantum  efficiency  reaches 
almost  unity.  The  conventional  blocking-type 
imaging  devices  are  operated  under  this  condition. 

It  is  shown  that  If  we  can  apply  the  electric 
field  higher  than  some  value  around  10°  V/cm, 
the  photocurrents  rapidly  increase  again.  The 
photoconductive  quantum  efficiency  is  about  40  at 
the  field  of  1.35  x  10°  V/cm  for  the  a-Se  layer 
with  2  jjm  thick. 

The  rate  of  increase  of  the  photocurrent  in  this 
region  is  the  more  rapid  for  the  thicker  a-Se 
layer.  On  the  otherhand,  the  dark  current  doesn't 
show  such  an  increase.  These  features  indicate 
that  the  avalanche  multiplication  takes  place  in 
the  a-Se  layer. 


Hole  and  Electron  Ionization  Rate 

The  hole  and  the  electron  ionization  rates  ( ft  and 
<X )  have  been  calculated  from  the  thickness 
dependence  of  the  multiplication  factor.  The 
results  are  shown  in  Fig.  3. 

Both  c>l  and  p  have  the  following  exponential 
dependence  on  1/E: 

a,  =  3.8  x  107  exp  (-1.5  x  107/E)  cm'} 
ft  =  8.8  x  106  exp  (-8.7  x  10°/E)  cm"1 
for  1.0  x  106  V/cm  E  <_  1.5  x  10°  V/cm 

The  ionization  rates  of  a-Se  obtained  here  are  re¬ 
plotted  with  those  of  typical  crystalline  semicon¬ 
ductors  2)  in  Fig.  4.  The  large  ionizations 
in  a-Se  occur  only  at  very  high-electric  fields, 
even  though  the  band  gap  Eg  of  a-Se  is  smaller 
than  that  of  crystalline  SiC. 

The  ratio  of  the  hole  and  electron  ionization 
rates,  KSPM  ,  reaches  about  100  in  the  field  of 
1x10°  V/cm,  several  times  larger  than  that  for 
typical  crystalline  semiconductors.  This  result 
indicates  the  possibility  of  a  very  low  noise 
feature  in  multipl ication.  The  large  ionization 
rate  for  the  hole  current  is  suitable  for  the 
vidicon  application. 

Application  to  Vidicon  Tube 

A  blocking-type  target  structure  for  high-field 
operation  was  carefully  designed  for  a-Se  Vidicon, 
and  avalanche  mode  features  were  examined  , 
Figure  5  shows  the  typical  images  which  were 
reproduced  by  the  avalanche-type  a-Se  Vidicon  and 
a  conventional  one  under  the  same  illuminated 
condition.  In  avalanche-type  a-Se  Vidicon,  the 
sensitivity  as  high  as  quantum  efficiency  greater 
than  10  were  obtained,  and  the  low  noise  feature 
with  excellent  uniformity  were  confirmed.  In 
addition,  high  resolution  property,  which  is  a 
great  advantage  of  a-Se  Vidicon  especially  in  a 
High-Definition  TV  System,  was  retained  under 
these  conditions. 
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g.  2  Electric  field  dependences  of  (a)  hole 

initiated  photo-currents  and  (b)  electron 
initiated  photocurrents  for  different 
thickness(es).  Broken  lines  show  the 
photocurrent  corresponding  to  the  quantum 
efficiency  unity. 
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INTRODUCTION 

One  of  most  challenging  problems  of  VLSI 
technology  is  fabrication  of  large  area  devices  free  of 
localized  defects.  This  is  particularly  important  for 
photosensitive  mosaics  such  as  CCD  imagers.  The  majority 
of  point  and  line  defects  observed  in  CCD  displays  have 
involved  a  malfunction  of  one  or  more  pixels.  These 
failures  could  be  caused  by  defects  present  in  the 
superstructure  (oxide,  poly  or  metal)  or  by 

crystallographic  defects  present  in  the  silicon  substrate. 
The  generation  process  of  crystallographic  defects  is  a 
complex  function  of  processing  conditions  and  silicon 
substrate  characteristics.  Heavy  metals  present  in  a 
processing  line  can  influence  the  crystallographic  defect 
generation  process  by  providing  nucleation  sites  for  the 
generation  of  stacking  faults.  Heavy  metals  also  affect  the 
electric  activity  of  these  defects.  Therefore,  it  is 
necessary  to  discuss  material  related  defects  in  CCD 
imagers  in  context  of  heavy  metal  contamination  present 
in  a  processing  line. 

In  this  work  we  will  discuss  the  effects  of  heavy 
metal  contamination  on  defects  in  CCD  imagers,  with  an 
emphasis  on  real  time  monitoring  with  surface 
photovoltage  of  the  heavy  metal  concentration  during 
processing.  We  will  also  describe  effects  which  different 
silicon  substrates,  e.g.  FZ.  MCZ,  epi,  internally  gettered  CZ, 
will  have  on  defect  generation, 

EXPERIMENT 

CCD  imagers  with  a  die  size  of  about  0.7  1.1  cm^ 

were  fabricated  using  a  three  level-poiysilicon  gate 
process  in  10  Q  cm  p-type  silicon  substrates  in  the  RCA 
Lancaster  processing  line.  Commercially  available  FZ. 
MCZ.  silicon  eoilavers  and  internally  eettered  CZ  wafers 
were  used.  Procedures  and  wafer  characteristics  required 
to  optimize  internal  geltering  efficiency  were  described 
previously  (1).  The  imager  area  is  subdivided  to  two 
identical  areas  containing  320  buried  channel  linear 
CCD’s  each  having  512  stages.  Defective  pixels  in  any  of 
the  channels  can  introduce  blemishes  in  the  image  which 
result  in  either  a  high  signal  (white)  defect  by  the 
injection  of  spurious  charge,  or  a  low  signal  (black) 
defect  because  charge  is  lost  before  it  reaches  the  output 
stage.  An  analysis,  previously  described  in  detail  (1),  was 
carried  out  to  identify  the  origin  of  these  defects. 
Crystallographic  defects  in  the  imager  area  were  revealed 
by  selective  etching  (Wright  and  Secco)  and  examined 
using  interference  contrast  microscopy  (Nomarski).  The 
degree  of  electric  activity  of  these  defects  was  established 
using  EBIC  technique  (electron  beam  induced  current 
collected  by  a  Schotiky  barrier)  or  by  measuring  the 
amount  of  electrons  generated  at  a  defected  pixel  during 
the  15  msec,  of  CCD  integration  time. 

Heavy  metal  contamination  in  the  processing  line  was 
measured  using  a  constant  signal  surface  photovoltage 
(SPV)  (2)  and  DLTS.  These  measurements  were  carried  out 
on  FZ  controlled  wafers  which  did  not  receive  diffusions 
but  otherwise  were  processed  identically  to  product 


wafers.  SPV  measuicments  were  also  made  at  the  back  of 
the  product  wafers.  These  results  were  similar  to  data 
obtained  for  the  control  wafers.  SPV  measurements 
provide  values  of  minority  carrier  diffusion  length 
which  are  inversely  proportional  to  the  square  root  of 
heavy  metal  concentration.  Since  this  method  does  not 
require  any  substrate  preparation,  and  measurements  are 
very  fast,  it  can  be  used  as  a  routine  Q  C  tool  to  monitor 
changes  in  the  heavy  metal  level  in  the  processing  line. 
Unfortunately  SPV  does  not  provide  any  identification  of 
the  heavy  metals.  DLTS  measurements  were  used  to 
identify  the  heavy  metals.  Also,  additional  measurements 
of  SIMS,  spark  source  and  NTD  were  carried  out  but  the 
contamination  levels  were  usually  below  the  detection 
limit  of  these  methods. 

RESULTS 

The  localized  material  related  defects  in  CCD 
imagers  were  caused  by  precipitates,  stacking  faults  and 
dislocations.  As  shown  in  Table  1,  the  electrical  activity  of 
these  defects  varied  significantly.  Two  levels  of  electrical 
activity  were  usually  observed  for  each  defect  type.  These 
levels  could  differ  by  as  much  as  two  orders  of  magnitude. 
We  believe  that  this  difference  is  related  to  decoration  of 
crystalographic  defects  by  heavy  metals.  The  decoration 
process  is  a  strong  function  of  heavy  metal  concentration 
in  the  processing  line,  which  was  measured  by 
monitoring  with  SPV  values  of  diffusion  length  in  the  FZ 
control  wafers.  Figures  I.  2  and  3  show  the  probability  of 
crystallographic  defect  decoration  (measured  as  a  ratio 
between  the  number  of  electrically  active  and  the  total 
number  of  defects  revested  by  etching)  as  a  function  of 
the  contamination  level  in  the  processing  line.  It  appears 
that  a  certain  contamination  threshold  exists  beyond 
which  the  probability  of  decoration  of  the 

crystallographic  defects  dramatically  increases.  This 
threshold  is  different  for  the  different  silicon  wafers.  For 
an  identical  contamination  level  the  probability  of  defect 

decoration  is  the  highest  for  the  epitaxial  layers  and  the 
lowest  for  the  internally  gettered  wafers.  Large 
variations  were  observed  for  the  various  epi  runs 

(compare  epi  1  and  epi  2).  We  believe  that  these  variations 
are  related  to  a  difference  in  the  heavy  metal 
concentration  introduced  into  silicon  during  the  epi 
growth  process.  For  an  identical  contamination  level  the 
probability  of  the  decoration  of  stacking  faults  is  much 

higher  than  the  probability  of  the  dislocation  decoration; 
the  contamination  threshold  seems  to  be  shifted  to  lower 
contamination  level. 

It  should  be  pointed  out  that  the  generation  of 
slacking  faults  is  also  a  function  of  heavy  metal 
contamination  in  the  processing  line,  as  shown  in  Fig.  4. 
where  the  stacking  fault  density  is  plotted  as  a  function  of 
the  diffusion  length  measured  in  the  control  FZ  wafers. 
This  result  is  not  surprising  since  it  is  well  known  that 
heavy  metal  agglomerates  can  serve  as  nucleation  centers 
for  slacking  faults.  As  in  the  case  of  the  decoration  this 
dependancc  is  different  for  the  different  silicon  wafers. 
The  threshold  for  stacking  fault  formation  is  the  lowest  in 
the  epi  wafers.  The  internally  gettered  waTcrs  show  the 
highest  resistance  to  the  stacking  fault  formation.  It 
should  be  emphasized  that  for  some  of  epi  runs,  the 
stacking  faults  formed  even  when  processing  was  carried 
out  in  the  "clean"  line.  Under  these  conditions  the 
stacking  faults  did  not  form  in  the  FZ  wafers.  Large 
differences  were  observed  between  the  FZ  and  MCZ 
wafers.  This  was  somewhat  unexpected  since  none  of 
these  wafers  had  any  internal  geltering.  Also,  no  heavy 
metals  were  detected  in  the  as-grown  wafers.  Mechanisms 
which  could  account  for  the  observed  differences  will  be 
discussed. 

In  the  iniernally-gcltcred  wafers  the  probability 
of  the  slacking  fault  formation  is  a  strong  function  of  the 
denuded  zone  depth.  The  reduction  of  the  denuded  zone 
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depth  resulted  in  an  increase  in  the  gcttcring  efficiency 
and  a  decrease  in  the  probability  of  stacking  fault 
generation.  Also  the  probability  of  the  stacking  fault 
decoration  was  reduced.  Although  it  has  to  be  pointed  out 
that  with  the  reduction  of  the  denuded  zone  depth  the 
uensity  of  residual  oxygen  precipitates  at  the  surface 
increased.  Since  oxygen  precipitates  also  introduce 
localized  defects  in  CCD  imagers,  the  depth  of  the  denuded 
zone  in  the  internally  gcttcrcd  wafers  had  to  be  carefully 
adjusted  to  achieve  effective  gettering  action,  and  at  the 
same  time  to  minimize  the  presence  of  oxygen 
precipitates  in  the  device  active  region.  Growth  of  "clean" 
epi  (not  contaminated  by  heavy  metals  during  the  cpi 
growth  process)  on  internally  gctiercd  wafers  was  found 
to  be  the  optimum  solution. 

CONCLUSIONS 

The  role  of  heavy  metal  contamination  on  defect 
formation  in  CCD  imagers  has  been  reviewed. 
Crystallographic  defects  such  as  dislocations,  stacking 
faults  and  oxygen  precipitates  form  localized  dark  current 
generation  sites  when  present  in  the  space  charge 
regions  of  junctions  or  MOS  capacitors.  The  dark  current 
generation  rate  is  a  function  of  decoration  of  these 
defects  by  heavy  metals  present  in  the  processing  line. 
The  SPV  method  was  successfully  applied  to  monitor  the 
heavy  metal  contamination  level  in  the  processing  line. 
We  demonstrated  that  a  certain  threshold  contamination 
level  exists  beyond  which  the  probability  of 
crystallographic  defect  decoration  and  formation  of 
slacking  faults  increases  dramatically.  This  level  is 
different  for  the  different  defects  and  the  different  types 
of  silicon  wafers.  The  epitaxial  layers  showed  the  lowest 
and  the  internally  gettered  wafers  the  highest  resistance 
to  contamination-induced  defect  generation  and 
decoration.  The  problems  with  the  cpilaycrs  an.  probably 
attributed  to  the  presence  of  heavy  metals  in  as-grown 
epi  (introduced  during  the  cpi  growth).  The  results  for 
the  internally  gettered  wafers  depend  on  the  depth  of  the 
denuded  zone.  The  gcttcring  efficiency  has  to  be  carefully 
balanced  against  residual  oxygen  precipitates  left  in  the 
device  active  area. 
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"Progress  in  Infrared  Image  Sensors  with 
Schottky- Barrier  Detectors" 

Walter  F.  Kosonocky 
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Newark,  NJ  07102 

Infrared  image  sensors  with  PtSi  Schottky-barrier 
detectors  (SBDs)  are  becoming  recognized  as  very 
promising  IR  technology  for  many  SWIR  (1-3  pm)  and 
MWIR  (3-5  pm)  applications  [1-14].  These  FPAs  are  fab¬ 
ricated  by  a  well  established  silicon  process  VLSI  pro¬ 
cess  that  assures  low  production  cost  for  large  volume 
and  offers  at  this  time  the  most  promising  IR  technology 
for  high-resolution  and  large-area  IR  imagers. 

PtSi  Schottky-barrier  detectors  (SBDs)  represent  the 
most  established  SBD  technology  for  applications  in  the 
SWIR  and  MWIR  bands  at  an  operating  temperature  of 
about  80K  [3-6,  11].  These  SBD9  can  be  designed  for 
operation  at  77K  with  a  dark  current  density  in  the 
range  of  1 .0  to  20  nA/cm2.  Pd2Si  SBDs  were  developed  for 
operation  with  passive  cooling  at  120K  in  the  SWIR  band 
[8].  IrSi  SBDs  have  also  been  investigated  to  extend  the 
application  of  Schottky-barrier  focal  plane  arrays  (FPAs) 
into  the  LWIR  (8  to  12  pm)  spectral  range  [9, 10, 13]. 

Line  sensors  with  up  to  4  x  4096  PtSi  SBDs  were 
developed  for  space-borne  remote  sensing  applications  in 
the  SWIR  bands  [7,8]. 

Very  good  quality  thermal  imaging  was  demon¬ 
strated  with  noise  equivalent  differential  (NEAT)  of  less 
than  the  0.1  K  for  160  x  244-element  and  512  x  512-ele¬ 
ment  staring  FPA9  with  PtSi  SBDs  for  operation  at  30 
frames/s  with  f72.35  and  (71.5  optics,  respectively  [6,  11]. 

This  paper  reviews  the  progress  in  the  development 
of  infrared  image  sensors  with  Schottky-barrier 
detectors  [14]. 

References 

1.  F.  D.  Shepherd  and  A.  C.  Yang,  "Silicon  Schottky 
Retinas  for  Infrared  Imaging,"  Int.  Electron 
Devices  Meet.,  Tech.  Dig.,  pp.  310-313, 1973. 

2.  W.  F.  Kosonocky,  E.  S.  Kohn,  F.  V.  Shallcross,  D.  J. 
Sauer,  F.  D.  Shepherd,  L.  H.  Skolnik,  R.  W.  Taylor, 
B.  R.  Capone,  and  S.  A.  Roosild,  "Platinum-Silicide 
Schottky-Barrier  IR-CCD  Image  Sensors,"  Int. 
Conf.  on  Application  of  CCDs,  pp.  2-7  -  2-38,  Oct.  25- 
27, 1978. 

3.  W.  F.  Kosonocky,  H.  Elabd,  H.  G.  Erhardt,  F.  V. 
Shallcross,  G.  Meray,  T.  S.  Villani,  J.  V.  Groppe, 
R.  Miller,  V.  L.  Frantz,  M.  J.  Cantella,  J.  Klein, 
and  N.  Roberts,  “Design  and  Performance  of  64  x 
128-element  PtSi  Schottky-Barrier  IR-CCD  Focal 
Plane  Array,"  Presented  at  SPIE  Tech.  Symp.  East, 


Arlington,  VA,  May  3-7,  1982. 

4.  M.  Kimata,  M.  Denda,  N.  Yutani,  N.  Tsubouchi,  H. 
Shibata,  H.  Kurebayashi,  S.  Uematsu,  "A  256  x  256- 
Element  Si  Monolithic  IR-CCD  Imager,"  1983 
ISSCC  Dig.  Tech.  Papers,  pp.  254-255. 

5.  M.  Denda,  M.  Kimata,  N.  Yutani,  N.  Tsubouchi, 
and  S.  Uematsu,  "A  PtSi  Schottky-Barrier  Infrared 
MOS  Area  Imager  with  Large  Fill  Factor," 
Presented  at  Int.  Electron  Device  Meet., 
Washington,  DC,  Dec.  5-7, 1983. 

6.  W.  F.  Kosonocky,  F.  V.  Shallcross,  T.  S.  Villani  and 
J.  V.  Groppe,  "160  x  244-Element  PtSi  Schottky- 
Barrier  IR-CCD  Image  Sensor,"  IEEE  Trans. 
Electron  Devices,  Vol.  ED-32,  No.  8,  pp.  1564-1573, 
August,  1985. 

7.  J.  R.  Tower,  L.  E.  Pellon,  B.  M.  McCarthy,  H. 
Elabd,  A.  G.  Moldovan,  W.  F.  Kosonocky,  J.  E. 
Kalshoven,  and  D.  Tom,  "Shortwave  Infrared  512  x 
2  Line  Sensors  for  Earth  Resources  Applications," 
IEEE  Trans.  Electron  Devices,  Vol.  ED-32,  pp.  1574- 
1583,  August,  1985. 

8.  M.  Denda,  M.  Kimata,  S.  Iwade,  N.  Yutani,  T. 
Kondo,  and  N.  Tsubouchi,  "4  x  4096-Element  SWIR 
Multispectral  Focal  Plane  Array,"  SPIE  Proc.,  Vol. 
819-24,  San  Diego,  CA,  Aug.  18, 1987. 

9.  P.  W.  Pellegrini,  A.  Golubovic,  C.  E.  Ludington, 
and  M.  M.  Weeks,  "IrSi  Schottky-Barrier  Diodes  for 
Infrared  Systems,"  1982-IEDM  Technical  Digest, 
pp.  157-159,  Dec.  1982. 

10.  N.  Yutani,  M.  Kimata,  M.  Denda,  S.  Iwade,  and  N. 
Tsubouchi,  "IrSi  Schottky-Barrier  Infrared  Image 
Sensor,"  1987-IEDM  Technical  Digest,  pp.  124-127, 
December,  1987. 

11.  M.  Kimata,  M.  Denda,  N.  Yutani,  S.  Iwade,  and  N. 
Tsubouchi,  "A  512  x  512-Element  PtSi  Schottky- 
Barrier  Infrared  Image  Sensor,"  IEEE  J.  Solid- 
State  Circuits,  Vol.  SC-22,  No.  6,  December,  1987, 
pp.  1124-1129. 

12.  R.  Aquilera,  "256  x  256  Hybrid  Schottky  Focal  Plane 
Arrays,"  SPIE  Vol.  782  Infrared  Sensors  and 
Fusion,  Orlando,  FL,  May,  1987,  pp.  108-113. 

13.  B.  Tsaur,  M.  M.  Weeks,  P.  W.  Pellegrini,  "Pt-Ir 
Silicide  Schottky-Barrier  IR  Detectors,"  IEEE 
Electron  Device  Letters,  Vol.  9,  No.  2,  February, 
1988,  pp.  100-102. 

14.  W.  F.  Kosonocky,  "Infrared  Image  Sensors  with 
Schottky-Barrier  Detectors,"  International  Sym¬ 
posium  on  the  Technologies  for  Optoelectronics, 
SPIE  Proceeding,  Vol.  869,  Cannes,  France,  Nov. 
16-20,1987. 


Abstract  No.  583 

NONLINEAR  OPTICS  AT  INTERFACES 

Y.  R.  Shen 

Department  of  Physics 
University  of  California 
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Lawrence  Berkeley  Laboratory 
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Nonlinear  optical  effects  at  interfaces  are  weak 
but  are  easily  detectable.  Second-order  nonlinear 
optical  processes,  in  particular,  can  be  highly 
sensitive  and  surface-specific.  They  can  be  exploited 
to  study  surfaces  and  interfaces.  That  the  techniques 
are  extremely  versatile  and  possess  many  advantages 
over  conventional  surfaces  probes  is  now  well 
established.  Possible  applications  of  the  techniques 
to  various  disciplines  can  lead  to  many  interesting 
new  research  opportunities.  The  recent  status  and 
progress  in  the  field  will  be  reviewed  and  future 
prospects  will  be  discussed. 

This  work  was  supported  by  DOE  under  Contract 
No.  DE-AC03-76SF00098 . 
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STUDIES  OF  LIQUID  SURFACES  BY  SECOND  HARMONIC 
GENE FAT ION 

Kenneth  B.  Eisenthal 

Department  of  Chemistry 
Columbia  University 
New  York,  N.  Y.  10027 

The  nonlinear  optical  process  of  second 
harmonic  generation  (SHG)  possesses  an  in¬ 
trinsic  sensitivity  to  the  asymmetry  present 
at  the  interface  between  two  centrosym- 
metric  media.  This  property,  arising  from 
the  fact  that  SHG  is  electric-dipole  for¬ 
bidden  in  the  bulk,  has  permitted  the  tech¬ 
nique  to  be  applied  in  a  variety  of  studies 
of  surfaces  and  interfaces.  Among  the  systems 
that  have  been  explored  in  this  way  are  mole¬ 
cules  adsorbed  on  solid  surfaces,  insoluble 
surfactant  layers,  liquid-liquid  interfaces 
and,  in  our  recent  work,  the  surface  of 
liquids . 

In  this  talk  we  will  present  various  as¬ 
pects  of  our  studies  on  equilibrium  and  time 
dependent  processes  at  the  liquid/vapor  inter¬ 
face.  In  the  first  part  we  will  outline  how 
wt-have  used  second  harmonic  measurements  to 
obtain  information  on  the  orientation  and 
relative  number  density  of  solute  molecules 
at  the-  surfaces  of  aqueous  solutions.  A 
comparison  with  surface  concentration  infor¬ 
mation  obtained  from  surface  tension  and 
microtome  data  will  be  made. 

We  then  describe  a  procedure  for  measure¬ 
ment  of  the  absolute  phase  of  the  second 
harmonic  electric  field  with  respect  to  the 
pump  radiation,  and  develop  a  scheme  for 
inferring  the  absolute  orientation  of  mole¬ 
cules  at  an  interface  with  respect  to  the 
directed  surface  normal.  This  new  information 
about  the  sense  of  molecular  orientation, 
which  cannot  be  obtained  directly  from 
conventional  linear  optical  spectroscopy, 
should  help  to  provide  insight  into  the  basic 
chemical  interactions  at  surfaces  and  inter¬ 
faces.  The  principle  of  the  method  ccn  be 
understood  simply  and  is  applied  to  aqueous 
phenol  solutions. 

Next  we  address  the  question  of  how  the 
asymmetry  in  the  forces  experienced  by  the 
molecules  in  the  interfacial  region  affects 
simple  chemical  equilibria.  Specifically, 
using  the  technique  of  second  harmonic 
generation  we  investigated  the  acid-base 
equilibrium  between  p-ni trophenol  (HA)  and 
its  anion  (A"").  As  we  will  show,  not  only  do 
the  concentrations  of  the  various  species  in 
the  interfacial  region  differ  from  their 
bulk  values,  but  also  the  relative  concen¬ 
trations.  do  not  correspond  to  the  bulk 
equilibrium  constant.  The  "equilibrium” 
constant  in  the  surface  region  was  shown  Lo 
be  vastly  different  from  that  in  the  bulk. 
Various  aspects  of  these  results  will  be 
discussed. 

The  last  part  of  this  talk  deals  with 
dynamic  processes  at  the  water/vapor  inter¬ 
face.  It  will  include  excited  state  relax¬ 
ation,  photoisomerization  and  internolecular 
energy  transfer.  A  comparison  with  the 
measured  of  each  of  these  processes  in  the 
bulk  region  of  the  liquid  will  be  made. 
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Measurement  of  the  Structure  and  Dynamics  of  Thin  Film 
Growth  on  Electrode  Surfaces  by  SHG 

G.  L.  Richmond,  V.  L.  Shannon,  D  A.  Koos  and  J.  M.  Robinson 
Chemical  Physics  Institute 
University  of  Oregon,  Eugene,  OR  97403 

Over  the  past  five  years,  research  in  this  laboratory  has 
focussed  on  the  use  of  optical  second  harmonic  generation  (SHG) 
in  probing  interactions  at  the  solid./liquid  interface.  The  studies 
have  provided  valuable  information  about  the  sensitivity  of  SHG 
to  such  phenomena  as  molecular  and  ionic  adsorption  at  smooth 
electrode  surfaces,  oxidative  film  formation,  underpotential 
deposition  orocesses,  oxide  formation  and  the  dynamics  of 
adsorption.  More  recently,  our  studies  have  focussed  on  the  use 
of  SHG  to  probe  electrode  surface  structure  and  symmetry  by  the 
anisotropy  in  the  SH  response  as  the  crystalline  electrode  is  rotated 
about  its  surface  norma).  This  talk  will  summarize  our  most 
recent  results  in  this  area  for  which  the  structure  and  dynamics  of 
underpotentially  deposited  monolayers  on  crystalline  metal  surfaces 
are  monitored  in  situ.  Deposition  of  a  monolayer  or  submonolayer 
of  these  foreign  metals  is  intrinsically  controlled  by  the  change  in 
the  work  function  of  the  surface  as  the  overlayer  grows  in  a 
stepwise  manner.  Because  of  its  proven  sensitivity  to  surface 
structure,  reconstruction  and  thin  film  growth,  SHG  is  an 
attractive  technique  to  investigate  the  processes  occurring  during 
lattice  formation  at  the  metal/metal  interface  in  solution.  The 
studies  to  be  described  here  are  Ag(  1 1 1 ),  Pb.  Ag(  III)  Tl. 
Ag(IIO)/Tl,  and  Cu(lll)/TI.  The  results  for  the  AgGID/Tl 
system  are  described  below  to  provide  an  example  of  the  type  of 
information  which  is  obtainable.  The  Ag/TI  system  will  also  be 
the  focus  in  the  time-resolved  experiments. 

Coulometric  measurements  suggest  that  Tl+  deposits  on 
Ag(l)l)  in  three  steps  to  form  a  monolayer.  A  second  full 
monolayer  subsequently  deposits  prior  to  bulk  deposition.  Shown 
in  Figures  1(a)  through  (c)  are  the  p  polarized  SH  intensities  as  a 
function  of  angle  of  rotation  for  fractional  (a),  full  (b),  and  two 
(c)  monolaye.  coverages.  These  data  were  measured  with  a  31° 
angle  of  incidence  (relative  to  the  surface  normal)  and  1.06  jrm 
radiation.  The  solid  lines  are  theoretical  curves  generated  by 
fitting  the  data  to  the  equation  I(2u;)  «  [a'2'  +  c*  •cos(30)f"  where 
the  coefficients  a'2*  and  c'31  contain  the  bulk  isotropic  and 
anisotropic  material  parameters  as  well  as  the  surface  isotropic  and 
anisotropic  tensor  elements. 

Similar  plots  which  are  not  shown  here  of  the  s  polarized 
SH  intensity  were  also  measured  and  fitted  to  the  theoretical 
equation  l(2u)  <x  (b*3'-cos(3tf)]  .  The  positions  of  the  maxima  and 
minima  in  the  s  polarized  anisotropy  do  not  change  as  a  function 
of  coverage.  This  indicates  that  the  overlayer  structure  h3s  the 
same  symmetry  elements  as  the  substrate  surface,  since  the  SH 
signal  is  thought  to  arise  from  the  substrate/overlayer  interface. 

For  even  a  fractional  monolayer  coverage  of  Tl.  the 
pattern  for  the  p  polarized  SH  intensity  as  a  function  of  angle  of 
rotation  changes  dramatically.  We  interpret  these  variations  in  the 
anisotropy  as  a  function  of  coverage  as  changes  in  the  a/c  ratio 
which  is  observed  to  convert  from  an  imaginary  to  a  real  value 
with  submonolayer  deposition.  At  coverages  of  one  monolayer  or 
less  the  ratio  |  a/c  |  is  greater  than  1.  At  two  monolayers  the 
magnitude  of  this  ratio  abruptly  changes  to  less  than  I.  These 
changes  are  attributed  to  changes  in  the  relative  contributions  of 
the  surface  susceptibility  tensor  elements  as  Tl+  is  deposited. 

Insight  into  how  these  interfacial  electronic  properties  are 
related  to  changes  in  the  magnitude  of  each  of  the  a and  c'3 
terms  is  afforded  by  making  these  measurements  at  rotation  angles 


ancle  or  rotation  ancle  or  rotation  angle  «c’a',:n 
Figure  I.  P  polarized  SH  intensity  as  a  function  of  angle 
of  rotation  for  a  Ag(lll)  electrode  with  various  thallium 
coverages,  (a)  0  <  8  <  1  monolayer,  (b)  8  -  1  monolayer, 
and  (c)  8  =  2  monolayers. 


which  allow  simplification  of  the  function  l(2w)  «  [a  +  ccos(3tf)]2. 
Figures  2  (a)  through  (c)  show  the  variation  in  the  p  polarized  SH 
intensity  at  fixed  angles  as  Tl  adatoms  are  deposited  and  removed 
as  a  function  of  potential.  The  angle  ^  is  defined  as  the  angle 
between  the  (211)  crystal  direction  and  the  plane  of  incidence. 
Figure  2(a)  was  measured  at  so  that  I(2w)  <x  (a'2^  +  c'3*)‘\ 
2(b)  at  tf=30°  so  ttat  K2w)  «  [a^]  ,  and  2(c)  at  0=60°  so  that 
l(2w)  a  (a'2*  -  c'3  ]  .  The  arrows  indicate  the  potentials  at  which 
peaks  corresponding  to  one  and  two  monolayer  deposition  are 
observed  to  commence  in  the  voltammetry. 

In  Fig.  2(b),  where  l(2o;)  a  [a'2')2,  the  magnitude  of  the  a 
term  is  seen  to  decrease  slowly  as  thallium  is  deposited  up  to  a 
monolayer.  The  sensitivity  of  the  a  term  to  submonolayer 
coverages  is  consistent  with  the  fact  that  it  contains  surface 
susceptibility  tensor  elements  with  projections  normal  to  the 
surface.  This  term  is  also  presumed  to  contain  the  free  electron 
contribution  from  the  metal  whereas  the  c  '  and  b^3'  terms  have 
only  interband  contributions.  The  changes  observed  in  a^  as 
thallium  is  deposited  are  most  likely  due  to  work  function 
differences  between  the  two  metals  and  localization  of  the  charge 
density  on  the  silver  which  decreases  the  polarizability.  This 
decrease  must  also  be  attributed,  in  part,  to  a  decrease  in  the 
electric  field  (and  hence  the  x  ^  contribution)1  at  the  interface  as 
the  potential  is  swept  toward  the  potential  of  zero  charge 
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Figure  2.  P  polarized  SH  intensity  from  Ag(lll)  in  TUS04 
as  a  function  of  potential  for  angles.  </>,  of  the  electrode 
crystal  axis  with  respect  to  the  plane  of  polarization  of 
incident  light,  (a)  <t>  =  0°.  (b)  4>  =  30°.  and  (c)  =  60°. 


The  magnitude  of  the  c'31  term  is  observed  to  increase 
greatly  upon  deposition  of  the  second  monomer  of  thallium  This 
increase  in  c^3  may  be  observed  in  ^he  [a^~3  +  c'3V  scan  shown 
in  Figure  2  (a)  and  the  [a^w'  -  c^3  V  scan  shown  in  Figure  2(c) 
A  scan  of  the  s  polarized  intensity  as  a  function  of  potential  also 
shows  an  increase  at  two  monolayers.  Because  changes  are  only 
observed  in  the  anisotropic  c'3'  and  b*3  terms  at  two  monolayers, 
and  not  in  the  a  term,  the  authors  propose  that  the  thallium 
deposition  changes  the  contribution  of  the  surface  anisotropic 
susceptibility  tensor  element,  x—  (i=x,y).  At  higher  coverages  the 
optical  characteristics  of  the  interface  begin  to  reflect  the 
properties  of  the  overlayer  and  it  is  likely  that  resonances  between 
jj  or  2u)  and  electronic  transitions  in  the  overlaver  structure  are 
induced.  This  oroposal  is  consistent  with  the  suggestion  that  the 
coefficients  b  31  and  c'31  contain  the  interband  contributions  to 


the  polarizability.  These  results  provide  strong  evidence  for  the 
importance  of  the  surface  contribution  to  the  SH  intensity. 


The  time  resolved  measurements  of  the  growth  and 
removal  of  these  thin  films  have  been  performed  by  using  a 
picosecond  mode-locked  laser  as  a  continuous  probe  after  a  fast 
potential  step.  The  second  harmonic  response  is  then  measured  as 
the  growth  or  removal  process  occurrs.  The  results  demonstrate 
for  the  first  lime  the  sensitivity  of  SHG  to  sequential  monolayer 
growth  and  removal  as  measured  in  real-time. 


I  G.I..  Richmond,  H.  M  Rojhantalab,  J.  M.  Robinson,  and  V  l 
Shannon,  J.  Opt.  Soc.  Am.  B  4.  -28  (1987) 

2.  J  E.  Sipe.  D  J  Moss,  and  H.  M.  Van  Driel.  Phvs  Rev  B.  33. 
1129  (1987). 
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SHC  as  a  Probe  of  Surface  Stability  and  Order  in  Solution 
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Chemical  Physics  institute 
University  of  Oregon 
Eugene.  OR  97403 

Surface  stability  and  reconstruction  phenomena  have  been 
of  great  interest  to  the  surface  science  community  for  the  past  two 
decades.  Through  studies  performed  under  UHV  conditions,  a 
growing  body  of  knowledge  has  been  obtained  about  the 
relationship  between  surface  stability  and  the  electronic  and 
thermodynamic  properties  of  the  solid/vacuum  junction.  The 
growing  evidence  of  surface  reconstruction  phenomena  observed 
in  l’l  IV  raises  questions  as  to  the  existence  of  similar  instabilities 
for  a  surface  in  contact  with  solution.  A  knowledge  of  surface 
structure  and  electronic  properties  is  fundamental  to  our 
understanding  of  electron  transfer  processes  and  electrode  kinetics 
The  paucity  of  in  situ  experimental  methods  capable  of  exact 
structuial  measurements  has  slowed  progress  in  this  area.  Recent 
studies  in  this  laboratory  have  investigated  the  use  of  second 
harmonic  generation  (SHG)  in  making  such  m  situ  measurements. 
I  he  experiments  involve  the  measurement  of  the  intensity  and 
polarization  of  the  nonlinear  reflectance  from  3  single  crystal 
noble  metal  electrode  3s  it  is  rotated  about  the  surface  normal 
I  he  form  of  this  rotational  anisotropy  provides  valuable 
information  on  electrode  surface  structure  manifested  by  the 
electronic  properties  of  the  interface.  This  presentation  will 
provide  a  summary  of  these  results  for  C'u.  Ag.  and  Au  single 
crystals  in  solution 

The  observation  of  rotational  anisotropy  in  the  SH  intensity 
from  the  solid  liquid  interface  was  first  reported  by  this 
laboratory  for  Ag(lll)  electrodes  in  simple  aqueous  electrolytes 
Hve  observed  atvisouops  clearly  indicated  that  the  silver  surface 
has  a  hj£h  degree  of  crystallinity  in  solution  As  in  our  previous 
studies."  the  results  are  consistent  with  the  conclusion  that  the  SH 
response  from  the  metal  dominates  that  from  the  surrounding 
electrolyte  I  he  work  reported  here  analyzes  the  anisotropic 
response  with  regard-,  to  the  electronic  siiuciurc  of  i*ie  metal,  the 
strength  of  the  applied  field,  and  the  importance  of  surface 
contributions  relative  to  bulk  terms  in  the  expansion  of  the 
nonlinear  polarizability 

The  second  order  nonlinear  response  from  a  single  crystal 
sampl^  is  predicted  to  follow  the  functional  form:  I*.  .  =  |a  ♦  b 

f'<0  i  “  as  the  crystal  is  rotated  about  an  axis  parallel  to  (he  surface 
normal  through  an  angle  d-'  The  subscripts  (jj.i)  refer  to  the 
(fundamental,  second  harmonic)  beam  polarizations  for  p(D>  and 
'( . )  polarized  light  relative  to  the  plane  of  incidence.  The 
coefficients  a  and  b  contain  the  isotropic  and  anisotropic 
susceptibilities  ami  represent  the  response  from  the  surface  as  well 
.is  the  bulk  of  the  material 
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figure  I  P  polarized  (upper)  and  s  polarized 
.Cower)  second  harmonic  intensities  as  a  function  of 
angle  of  rotation  for  several  noble  metal  electrodes 
(a)  Ag(l  II)  in  0.1M  NaCl04  at  -0.72V  (intensity  » 
10).  (b)  CuO  1 1 )  in  0.25M  N.I2SO4  at  open  circuit 
(intensity  x  2).  and  (c)  Au(lll)  in  air. 


f  igure  I  shows  the  variation  in  the  p  and  s  polarized  SH 
intensity  for  Ag( III).  C"u( 111),  and  Au(  1  I  I ).  Radiation  at  2-;  was 
generated  in  reflection  from  the  p  polarized  1.06/im  output  of  a 
Nd:YAG  laser  operating  at  10  Hz.  The  SH  patterns  arc  consistent 
with  the  theory  assuming  perfect  termination  of  the  bulk 
symmetry  (3m)  where  f(d)=cos(3d)  for  the  p  polarized  output  and 
f(d)=sin(3tf)  for  the  s  polarized  SH.  The  results  for  Cu(lll)  are 
similar  to  those  observed  for  this  surface  in  UHV-*  and  can  be 
explained  in  terms  of  a  resonant  enhancement  of  the  SH  signal 
due  to  a  coincidence  between  2w  and  interband  transition  energies 
in  the  bulk  metal.  Similarly  for  Au(lll)  the  SH  rotational 
anisotropy  can  be  explained  in  terms  of  bulk  electronic  properties 
Ag(  III),  which  displays  a  somewhat  different  anisotropic  behavior 
(the  ratio  of  the  constants  a  and  b  is  imaginary),  does  not  possess 
bulk  electronic  transitions  in  the  energy  region  spanned  by  and 


I  igure  2  P  polarized  second  harmonic  intensity  as 
a  function  -if  angle  of  rotation  for  Ag(IIO)  in 
u  25\i  \a(  70.  .11  -0.1  V 


The  p  and  s  polarized  SH  response  from  the  native  AgiilOi 
face  for  a  p  polarized  pump  beam  incident  at  31  can  be  seen  in 
figure  2  Again,  the  data  can  be  well  fit  to  the  predicted 
functional  form.  f(^)=acos<2«? )  ♦  a"cos<4tf).  with  a  proper  selection 
of  the  constants  a  and  b  These  measurements  indicate  that  the 
nonlinear  response  observed  is  sensitise  to  specific  electronic  states 
at  the  metal  solution  interface  which  have  been  previously 
documented  Pits  of  the  theoretical  expressions  to  the  data  aUo 
show  that  the  surface  and  bulk  contributions  arc  of  comparable 
magnitude. 

Additional  information  on  the  crystallinity  of  the  electrode 
surface  may  bo  obtained  from  these  measurements  lor  a  ill  It 
crystal  face,  the  isotropic  component  of  the  s  polarized  SH  signal 
should  vanish  when  is  an  integral  multiple  of  *  3  because  a=0 
for  this  case  The  failure  of  the  s  polarized  signal  for  Autlllt  in 
figure  1(c)  to  decay  to  zero  is  an  indication  of  surface  roughne>' 
due  to  imperfect  surface  preparation 

The  effect  of  an  applied  dc  field  at  the  single 
crystal  electrolyte  interface  has  also  been  studied  It  is  found  that 
enhancement  of  the  SH  efficiency  takes  place  through  specific 
susceptibility  tensor  elements  upon  the  application  of  an  external 
bias  potential  The  extension  of  these  studies  to  reconstructed 
surfaces  and  vacuum  studies  currently  in  progress  a  ill  be 
discussed 

1  VI  Shannon,  D  A  Koos,  G  I  Richmond.  J  t  hem  Ph\s  gj 
1440  (1987). 

2  G.l  Richmond,  H  M  Rojhantalab,  J  M  Robinson,  and  V  I 
Shannon.  J  Opt  Soc  Am  B  4.  228  1198'’) 

3  II  W  K  Tom  and  G  D  Aumiller.  Phys  Rev  B  33.  8818  (19*M 
Support  from  NSl  K  III  8’27',98i  gralefullx  acknowledged 
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Monolayer  Vibrational  Spectroscopy 
on  Metal  and  Semiconductor  Surfaces 
by  Infrared-Visible  Sum  Generation 
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N.  J.  Levinos,  and  D.  N.  Loiacono 

AT&T  Bell  Laboratories, 
Murray  Hill,  NJ 


Infrared-visible  sum  generation  provides 
vibrational  spectra  of  molecules  at 
interfaces  and  surfaces  with  monolayer 
sensitivity  [1-3].  This  new  technique  offers 
unique  possibilities  for  monolayer-selective, 
time-resolved  studies  of  molecules  at 
interfaces.  To  explore  the  use  of  sum 
spectroscopy  on  chemically  interesting 
substrates,  we  have  obtained  vibrational 
spectra  of  ordered  monolayer  molecular  films 
on  metal  and  semiconduc tor  surfaces  by  sum 
mixing  using  nanosecond,  and  recently 
picosecond,  visible  and  tunable  infrared 
laser  pulses  [3].  The  pulses  are  overlapped 
on  the  surface,  and  the  reflected  sum 
frequency  signal  is  monitored  by  a 
photomultiplier  detector.  Resonances  in  the 
sum  signal  magnitude  occur  when  the  infrared 
pulse  is  tuned  to  a  vibrational  frequency  of 
molecular  adsorbates.  Vibrational  spectra  of 
adsorbates  are  obtained  by  monitoring  the  sum 
signal  while  scanning  the  infrared  frequency. 

Vibrational  spectra  of  the  C-H  stretching 
modes  of  alkane  chains  in  adsorbed  monolayer 
molecular  films  on  several  metal  and 
semiconductor  surfaces  were  obtained  by 
scanning  the  infrared  frequency  in  the  2700- 
3100  cm-1  regi0n.  The  substantial  substrate 
background  sum  signal  from  these  surfaces 
does  not  seriously  affect  the  sensitivity  of 
the  spect;a.  In  fact,  the  substrate 
background  contributes  to  a  unique  ability  to 
distinguish  the  absolute  orientation  of 
molecules  at  the  surface;  the  phase  of 
molecular  resonant  signals  changes  with 
respect  to  the  background  when  the  molecules 
are  inverted  on  the  surface,  leading  to 
easily  monitored  changes  in  the  sum  spectrum. 
The  spectra  also  experimentally  demonstrate 
the  vibrational  selection  rules  which  are  in 
effect  in  this  new  spectroscopy;  observed 
modes  must  be  both  Raman  and  infrared  active. 

As  an  example,  the  sum  spectra  of  the  C-H 
stretching  modes  in  two  similar  monolayer 
films  of  opposite  orientation  on  gold 
substrates  are  shown  in  Fig.  1.  In  each 
case,  three  resonances  are  observed  from  the 
three  vibrational  modes  of  the  terminal 
methyl  group,  which  are  both  infrared  and 
Raman  active.  The  C-H  stretching  modes  of 
the  backbone  CHj  groups  are  not  observed, 
because  they  are  not  both  infrared  and  Raman 


active,  although  they  are  strong  -  n 
reflectance  IR  spectra  of  the  same  samples. 
The  sum  spectrum  in  the  upper  figure  is 
obtained  from  a  monolayer  C10-alkyl  thiol 
film  which  has  a  sulfur  group  bonded  at  the 
gold  surface,  and  the  methyl  group  pointing 
away  from  the  surface.  The  molecular 
resonances  appear  as  peaks  on  a  -  :.’>strate 
background,  illustrating  that  the  resonance 
signal  is  in  phase  with  the  background.  The 
second  molecular  film  was  prepared  by 
depositing  a  second,  inverted  monolayer  by 
L a n g m u  i  r - B 1 o d g e t t  deposition  onto  a 
perdeuterated  alkyl  thiol  bottom  monolayer. 
Only  the  C-H  stretching  resonances  of  the 
second  layer  are  observed  in  the  2800-3000 
cm-1  region.  The  phase  of  the  resonance 
signal  from  the  inverted  methyl  group  is 
reversed,  because  of  the  symmetry  properties 
of  sum  spec t roscopy ,  and  the  resonances 
appear  as  dips  in  the  spectrum.  The  absolute 
orientation  of  selected  molecular  adsorbates 
can  thus  be  monitored. 

The  time  resolution  of  sum  spectroscopy 
for  measurements  of  vibrational  dynamics  is 
limited  only  by  the  laser  pulse  lengths.  We 
have  recently  extended  sum  spectroscopy  to 
pulses  as  short  as  3  picoseconds  using 
tunable  picosecond  Infrared  pulses  obtained 
by  stimulated  electronic  Raman  scattering  of 
high  power,  visible  picosecond  pulses  in 
atomic  cesium  vapor.  Spectra  of  monolayers 
on  surfaces  are  obtained  more  rapidly  with 
picosecond  pulses  than  with  nanosecond  pulses 
because  signal  levels  are  substantially 
better  with  shorter  pulses.  Sum  spectroscopy 
thus  offers  a  sensitive  probe  of  ultrafast 
vibrational  dynamics  at  interfaces,  including 
vibrational  energy  transfer  to  the  substrate 
and  phctoreacticr.  dynamics  of  molecular 
adsorbates.  Preliminary  studies  of 
vibrational  dynamics  at  surfaces  will  be 
discussed . 


References 


1.  X.  D.  Zhu,  H.  Sur  and  Y.  R.  Shen, 

Phys.  Rev.  B35,  3047  (1987). 

2.  J.  H.  Hunt.  P.  Guyot-S 1 onnest  and  Y, 

Shen,  Chem.  Phys.  Letters  133. 
109  (1987). 

3.  A.  L.  Harris,  C.  E.  D.  Chidsey,  N. 

J.  Levinos  and  D.  N.  Loiacono, 
Chem.  Phys.  Letters  141.  350 

(1987  J  . 


2800  2900  3000 


IR  FREQUENCY  (cm  ') 


s 


Fig .  1.  Sum  spectra  of  two  similar  molecular 
monolayer  films  with  opposite  orientation  on 
gold  substrates.  Methyl  group  C-H  stretching 
resonances  are  observed.  Top:  methyl  group 
pointing  away  from  the  surface  in  a  one 
monolayer  film.  Bottom:  methyl  group 
pointing  toward  surface  in  an  inverted  second 
monolayer  with  first  layer  perdeuterated . 
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There  exists  an  ever-increasing  need  to  directly 
measure  microscopic  energy  dynamics  of  adsorbates  on 
chemically  active  metal  surfaces.  It  is  the  mechanisms 
and  rates  of  electronic  and  vibrational  excitation 
migration  within  an  adsorbate,  or  from  the  adsorbate  to 
the  substrate,  which  play  key  roles  in  such  fundamental 
processes  as  surface  diffusion,  desorption  and  chemical 
reaction.  Until  recently,  damping  rates  (T]”')  of 
adsorbate  vibrational  modes  on  surfaces  could  only  be 
inferred  from  bandwidth  measurements  and  theory. 
However,  ultrafast  time-domain  techniques  have  now 
reached  a  level  of  sophistication  that  in -situ 
measurements  of  energy  transfer  on  reactive  metal 
surfaces  can  be  made.  Here,  we  present  the  first 
direct  measurements  of  vibrational  energy  relaxation 
for  carbon-monoxide  in  metal-carbonvl  cluster  compounds 
and  chemisorbed  on  colloidal  (>  30  A  diameter)  metal 
particles  dispersed  on  a  silica  support. 

The  method  employed  in  this  work  is  based  on  a  tunable 
picosecond  infrared  pump-probe  saturat ion- recovery 
approach.  This  technique  was  previously  developed  to 
obtain  Tj  lifetimes  for  OH  and  other  strongly  I/?- 
al lowed  modes  of  adsorbates  on  dielectric  substrates.' 
For  the  current,  application,  however,  ultrashort 
tunable  infrared  pulses  in  the  5  micron  (ca.  2000  cm  ' ) 
region  are  required.  i'hese  pulses  are  obtained  by 
difference  frequency  generation  in  a  nonlinear  l.ilO-j 
crystal  from  second  harmonic  (532  nm)  and  tunable  dye 
laser  (=600  nm)  pulses  derived  from  a  10  Hz  Nd+^:YAG 
laser  system.  IR  pulses  produced  in  this  fashion  are 
routinely  characterized  as  having  a  15  ps  FW'HM 
duration,  10-15  u.J  energy  (*20%  shot  fluctuation)  and  4 
cm’'  FWH.M  bandwidth. 

In  the  experiment,  a  single  IR  pump  pulse  (I  <10  mJ/cro*-) 
directly  excites  population  to  the  v=l  level  of  a  Go- 
stretching  mode  of  the  sample.  This  excitation 
produces  a  transient,  increase  in  sample  transmission  T 
(at.  the  pump  frequency)  which  recovers  exponentially  in 
time  (with  decay  time  T|)  to  the  unexcited  sample 
transmission  level  (T0)  A  fime-delaved  weak  pulse  at 
the  same  frequency  probes  the  sample  transmission 
recovery,  and  for  the  CO-rontaining  systems  studied 
here,  yields  a  measure  of  the  vibrational  population 
relaxation  of  t.haLt  fundamental  mode. 


The  most  pertinent  results  that  will  be  presented  are 
summarized  below: 


•  The  CO-stretching  vibrations  for  CO  in  small  metal 
cluster  compounds  (56  metal  atoms)  in  room 
temperature  CHCl-j  solution  give  400  <  Tj  5  750  ps. 
These  Long  litetimes  are  attributed  to  the  large  energy 
gap  between  the  excited  mode  (ca.  2000  cm  ')  and  the 
next  highest  metal-CO  and  metai-metal  vibrations  (200- 
600  cm"')  in  these  "molecular"  systems. 


•  A  novel  b i -exponent. ia  1  decay  has  been  observed  for 
Co/t(C0)p  in  solution.  This  response  is  thought,  to 
arise  from  initially  rapid  (ca.  50  ps )  CO-stretch 
energy  equilibration  followed  by  a  much  slower  (  350  ps  1 
combined  relaxation  into  t.he  lower  vibrational  modes  of 
the  system. 

•  For  Rh2(CO)4Cl,,  Co^(C0)p  and  Khg(C0)j£  supported  on 
silica  in  vacuum,  a  reduction  of  T|  of  a  factor  of  four 
occurs  compared  to  Tj  in  the  solution  phase. 

•  Induced  transient  absorption  signals  have  been 
detected  when  the  IK  frequency  is  tuned  to  the  peak  or 
low  energy  side  of  an  absorption  band.  This  behavior 
is  concurrent  with  multiple  photon  absorption  and 

*  r  22  L0{  v=i )  ano  higher  overtone  excitation. 

•  Samples  prepared  by  reduction  of  metal  salts  (RhCl< 
or  Ft  H  >('.!(,)  on  silica  exhibit  absorption  features  from 
CO  adsorbed  on  large  (>J0  A)  metal  particles  and  on 
isolated  metal  sites  le.g.,  -Rh(CO)-v).  These 
absorptions  give  rise  to  short  (10  -  >1)  ps )  and  long 
(125  ps)  lifetimes,  respectively,  in  the  same 
inhomogeneous ly  distributed  sample.  The  decreased 
magnitude  of  Tj  for  CO  on  larger  particles  compared  to 
smaller  cluster  compounds  and  isolated  sites  clear  lv 
suggests  the  participation  of  new  relaxation  channels, 
presumably  damping  by  electron-hole  pair  format  ion  in 
t  he  me  t  a  1  . 


It  is  anticipated  that  further  measurements  .1  this 
type  on  other  metal -containing  s vs terns  will  help 
unravel  the  detailed  mechanistic,  kineti,  and 
structural  characteristics  of  ehomuallv  reactive  met  .cl 
surfaces . 


The  above  method  has  been  extended  from  our  previous 
studies  of  monometa l -carbonyl  (•impounds*'  to  the 
investigation  of  vibrational  relaxation  of  CO  bound  to 
metal  clusters  of  increasing  nucleus  size.  '  These 
systems  include  the  stable  cluster  compounds 
kh2 <C0).,,(; lj,  Rh4(c;0)l2,  Co4(CO)12,  and  Rh6(CO)16  ill 

dilute,  room  tempetature  CHCl j  solution,  some  of  these 
same  molecules  adsorbed  on  pressed  fumed  SiO>  supports, 
and  now  CO  adsorbed  on  much  larger  Rh  and  I’t  particles 
(supported  on  silica).  The  main  thrust  of  this 
invest  igat.  ion  has  been  to  examine  the  effect  of 
increasing  metal  nucleus  size  on  *  he  C.O(v=l)  Tj 
lifetime  and  thereby  determine  whether  new  relaxation 
mechanisms  become  operative  when  "f ree-e lect fon" 
behavior  for  sufficient  lv  large  metal  particles  sets 
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A  fundamental  understanding  of  the  intramolecular  dynamics 
of  highly  excited  molecules  is  of  central  importance  in  molecular 
physics  and  has  great  chemical  and  physical  implications:  Selectivity 
at  high  levels  of  excitation  may  eventually  lead  to  the  realization  of 
laser-controlled  photochemistry,  with  broad  applications  in  such 
diverse  areas  as  laser-assisted  chemical  vapor  deposition,  isotope 
separation,  and  photosynthesis.  Because  of  the  high  selectivity  of 
infrared  excitation,  the  discovery  of  infrared  multiphoton  excitation 
in  1973,*  led  to  a  large  number  of  experiments  in  search  of  a  novel 
‘mode-selective’  or  ‘bond-specific’  photochemistry.  When 
molecules  are  excited  above  the  dissociation  threshold,  however, 
equilibration  of  vibrational  energy  among  the  molecular  modes 
causes  the  course  and  rate  of  laser-induced  unimolecular  reactions  to 
depend  only  on  total  enercy,  and  in  spite  of  the  high  selectivity  of 
the  first  few  excitation  steps,  the  reaction  takes  place  along  a 
thermodynamically  favored  path.  The  intramolecular  flow  of 
vibrational  energy  therefore  seriously  impairs  the  prospect  for 
developing  a  laser-controlled  photochemistry,  and  even  though 
many  questions  remain  unanswered,  the  general  interest  in  infrared 
multiphoton  excitation  has  diminished. 

While  the  equilibration  of  energy  for  molecules  excited  close 
to  or  above  the  dissociation  threshold  is  well  understood,  there  is  no 
agreement  in  the  community  as  to  the  validity  of  theoretical  models 
that  presuppose  equipartitioning  of  energy  in  the  region  below  the 
dissociation  threshold.  In  1980  time-resolved  Raman  spectroscopy 
was  used  to  obtain  mode-specific  information  of  infrared 
multiphoton  excited  molecules.2  In  the  past  five  years  we  have 
studied  the  intramolecular  vibrational  energy  distributions  of  highly 
vibrationally  exciled  molecules  just  below  the  dissociation  threshold 
using  both  spontaneous  Raman  and  coherent  anti-Stokes  Raman 
spectroscopy  (CARS).3’4  The  results,  for  the  first  time  clearlv 
show  that  the  present  theoretical  descriptions  of  infrared  multiphoton 
excitation  are  indeed  not  generally  valid. 

A  complete  description  of  the  expe.  internal  setup  for  the 
spontaneous  Raman  measurements  can  be  found  in  previous 
papers.3-4  In  the  CARS  experiments,  a  10  ns  pulse  from  a 
frequency  doubled  Nd:YAG  laser  and  a  4  ns  pulse  from  a 
broadband  (15  cm-1)  dye  laser  were  used  to  probe  the  vibrational 
levels  of  the  highly  excited  molecules.  The  CARS  signals  are 
resolved  with  a  1  m  Jarrel-Ash  spectrometer. 

As  can  easily  be  seen  the  two  techniques  yield  different,  but 
complementary  results.  The  intensity  of  a  spontaneous  Raman 
transition  is  proportional  to  the  quantum  number  n  and  the 
population  of  the  level,  P(n): 

l^in)  ~  vn  Pin)  ~  n  Pin)  (1) 

with  cr„  the  Raman  cross-section  for  the  transition  n  -»  n+ l . 
Because  of  the  n2  dependence,  the  spontaneous  Raman  signal 
increases  as  the  excitation  of  the  mode  increases.  The  CARS  signal 
intensity,  on  (he  other  hand,  is  proportional  to  population 
differences 

(2) 


For  a  Boltzmann  distribution  at  high  excitation.  Pin)  ~ 
P(n+ 1),  and  so,  even  though  the  CARS  signals  are  much  larger  than 
the  spontaneous  Raman  signals,  CARS  is  not  well  suited  to  study 
equilibrium  distributions  at  high  excitation.  The  CARS  technique  is 
therefore  more  sensitive  to  the  low-excitation  regime,  or 
nonequilibrium  distributions  at  high-excitation. 

Measurements  were  carried  out  on  SF6  and  CF2CI2.  Both 
the  spontaneous  Raman  and  the  CARS  measurement  show  changes 
in  the  intramolecular  vibrational  energy  distribution  in  SF6  after 
infrared  multiphoton  excitation.  The  spontaneous  Raman 
experiments  show  a  strong  increase  in  Raman  signal,  because  of  the 
larger  population  at  high  excitation,  while  the  CARS  measurements 
show  a  very  strong  depletion  of  the  lower  energy  levels.  From  a 
quantitative  analysis  of  the  spontaneous  Raman  data  it  follows  that 
the  energy  equilibrates  even  at  relatively  low  excitation.3 

For  CF2CI2  the  vj,  \n.  and  v'g  mode  (1098,  667,  and  923 
cm*1,  respectively)  were  measured  after  multiphoton  excitation  of 
either  the  v\  or  the  V'g  mode,  which  are  both  Raman  and  infrared 
active,  and  are  resonant  with  CO2  laser  lines.  In  both  cases,  the 
pumped  mode  reaches  the  highest  excitation,  while  the  energy  of  v*2 
mode  is  almost  an  order  of  magnitude  smaller.  The  nonequilibrium 
nature  of  the  vibrational  energy  distribution  is  clearly  visible  in 
Figs.  1  and  2,  which  compare  the  energy  distributions  obtained 
from  the  spontaneous  Raman  experiments  with  calculated 
equilibrium  distributions. 

Note,  that  although  the  intensities  of  the  anti-Stokes  signals 
increase  by  more  than  a  factor  ten  when  the  infrared  fluence  is 
increased,  the  intensity  ratios  do  not  change  considerably.  This 
rules  out  the  possibility  that  the  observed  nonequilibrium 
distribution  is  a  result  of  averaging  a  ‘hot’  equilibrium  ensemble  and 
a  ‘cold’  bottlenecked  ensemble.  If  this  were  so,  the  ratios  would 
tend  toward  equilibrium  as  the  fraction  of  molecules  in  the  hot 
ensemble  becomes  larger  when  the  fluence  is  increased. 

As  one  would  expect,  the  CARS  measurements  show  that 
the  ground  states  v.f  the  v\  and  Vq  modes  arc  strongly  depleted.  The 
much  ‘colder’  V2  mode,  on  the  other  hand,  can  be  studied  in  detail 
by  the  CARS  technique. 

Summarizing,  time-resolved  spontaneous  Raman 
spectroscopy  and  CARS  were  employed  to  measure  the 
intramolecular  vibrational  energy  distribution  of  highly  vibrationally 
excited  molecules.  A  vastly  different  behavior  is  observed  for  the 
two  molecules  studied.  For  SF6,  both  techniques  show  equilibration 
of  the  excitation  energy  at  relatively  low  levels  of  excitation.  For 
CF2CI2,  on  the  other  hand,  the  results  show  a  distinct 
nonequilibrium  energy  distribution  among  the  observed  Raman 
active  modes  even  at  excitations  as  high  as  21,000  cm-1,  The 
measurements  also  show  that  excitation  of  the  v'i  and  the  vg  mode 
give  rise  to  different  nonequilibrium  energy  distributions.  From 
studies  of  the  infrared  multiphoton  dissociation  of  CF^Cli,5-6  it  is 
known  that  the  dissociation  basically  takes  place  along  a 
thermodynamically  favored  path,  indicating  that  the  energy 
distribution  equilibrates  at  the  dissociation  threshold.  For  SF*,  this 
equilibration  occurs  well  below  the  dissociation  threshold.  The 
present  studies  thus  show  that  one  can,  for  certain  molecules,  induce 
highly  nonequilibrium  energy  distributions  in  molecules  at  energies 
close  to  dissociation  with  picosecond  infrared  pulses. 
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FIG.  l.  Comparison  of  the  observed  normalized  anti-Stokes  signals 
with  calculated  equilibrium  values  aftervi  excitation. 


FIG.  2.  Comparison  of  the  observed  normalized  anti-Stokes  signals 
with  calculated  equilibrium  values  aftervg  excitation.  The  lower 
traces  show  the  effect  of  collisional  relaxation;  N2  buffer  gas 
pressure:  13  kPa(circles),  and  26  kPa  (triangles). 
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Vibrational  relaxation  in  isolated  gas  phase  molecules  has 
been  studied  by  many  techniques:  electronic  fluorescence 
spectroscopy1,  infrared  fluorescence  excitation  and  fluores¬ 
cence  spectroscopy2,3,  collisional  timing4  ,  and  direct  timing 
by  time-correlated  photon  counting5.  In  this  paper  we  re¬ 
port  experiments  using  a  new  picosecond  technique  which, 
for  the  first  time,  allows  direct  measurement  of  the  lifetime 
of  the  initially  prepared  state  with  experimental  resolution  of 
better  than  5  picoseconds. 

In  these  experiments  the  molecule  fluorene,  a  molecule 
with  a  strongly  allowed  S0  -  Sj  transition,  is  seeded  in  a 
continuous  helium  free  jet  expansion  to  give  a  beam  tem¬ 
perature  of  about  40  Kelvin.  A  Rhodamine  6G  dye  laser  is 
synchronously  pumped  by  the  frequency  doubled  output  of  a 
cw  mode-locked  Nd:YAG  laser.  The  2.5  to  6  picosecond  out¬ 
put  pulses  are  amplified  by  the  frequency  doubled  output  of  a 
cw  pumped,  acousto-optically  mode-locked  and  Q-switched, 
and  electro-optically  cavity-dumped  NdrYAG  laser.  The  350 
microjoule  green  output  of  this  laser  allows  us  to  produce  10 
to  40  microjoule  amplified  dye  laser  pulses  with  a  repetition 
rate  of  500  Hz.  The  final  amplified  visible  pulses  have  auto¬ 
correlation  widths  of  4  to  10  picoseconds.  The  output  beam 
is  split  into  two  beams  of  equal  intensity,  one  of  which  passes 
through  a  delay  line.  Each  beam  is  then  frequency-doubled, 
producing  about  1  microjoule/pulse  each  in  the  ultraviolet. 
They  are  then  passed  through  adjustable  waveplates  which 
allow  us  to  set  the  angle  between  the  electric  vectors  of  the 
exactly  linearly  polarized  UV  beams  to  any  desired  angle 
while  maintaining  their  bisector  parallel  to  the  molecular 
beam  direction  and  perpendicular  to  the  plane  of  observa¬ 
tion.  The  total,  time-integrated,  molecular  fluorescence  is 
observed  with  a  photomultiplier  and  boxcar  integrator. 

The  first  laser  pulse  excites  a  substantial  fraction  of  the 
molecules  to  a  particular  vibrational  level  of  St.  The  usual 
excitation  fraction  is  between  35  and  60%,  although  for  strong 
lines  the  central  part  of  the  0.1  millimeter  excitation  re¬ 
gion  may  have  undergone  several  cycles  of  absorption  and 
emission.  If  the  second  laser  pulse  follows  without  delay,  it 
cannot  significantly  change  the  amount  of  observed  fluores¬ 
cence,  as  the  transition  is  already  saturated.  However,  any 
mechanism  which  depletes  the  upper  state,  including  fluo¬ 
rescence.  intersystem  crossing,  or  vibrational  relaxation,  al 
lows  the  second  laser  to  increase  the  fluorescence  signal,  as 
the  amount  of  absorption  remains  constant  while  stimulated 
emission  decreases.  This  includes  the  removal  of  oscillator 
strength  hetween  the  ground  and  excited  electronic  states 
by  intermodular  dephastng  processes.  We  are  able  to  probe 
the  time  dependence  of  these  mechanisms  by  tuning  the  time 
delay  between  the  two  pulses  and  measuring  the  difference 
between  the  fluorescence  intensity  with  and  without  the  sec¬ 
ond  laser  pulse,  If  the  initially  prepared  state  is  made  up 
of  a  "clump"  of  a  few  closely  spaced  molecular  eigenstates, 
the  dephasing  of  the.v.  states,  which  corresponds  to  the  in¬ 


termediate  level  density  c  .  ib—vti-mai  relaxat:  ui,  pro¬ 
duces  quantum  beats  in  the  resulting  fluorescence.  If  many 
states  (say  greater  than  50)  are  involved,  an  exponential  de¬ 
cay  is  produced.  This  experiment  is  sensitive  to  the  polariza¬ 
tions  of  the  laser  beams  and  the  angle  of  observation:  if  the 
polarizations  are  parallel,  the  decay  represents  both  vibra¬ 
tional  relaxation  and  intramolecular  rotational  dephasing.  If 
the  polarizations  differ  by  54.7  degrees,  only  vibrational  re¬ 
laxation  (including  rotational  changes  produced  by  Coriolis 
coupling)  is  observed. 

We  have  measured  the  fluorescence  excitation  spectrum 
of  fluorene,  and  it  shows  numerous  strong  vibronic  transi¬ 
tions  up  to  2600  cm'1  above  the  vibrationless  level  of  33784 
cm'1.  As  the  transition  energy  increases  the  peaks  begin 
to  exhibit  structure  (ie.  shoulders)  outside  of  the  width  of 
the  rotational  contour.  At  energies  above  1500  cm'1  the 
peaks  are  significantly  broader  than  the  rotational  contour  of 
the  vibrationless  level.  We  have  observed  decays  from  states 
with  excess  vibrational  energies  varying  from  0  to  2036  cm'1 
above  the  vibrationless  level  (figure  l).  Only  single  expo¬ 
nential  decays,  indicating  no  relaxation,  are  observed  below 
900  cm-1.  From  950  to  1500  cm'1  strong  quantum  beats 
are  observed.  These  indicate  both  accidental  concidence  of 
Franck-Condon  allowed  transitions  and  incipient  vibrational 
relaxation.  At  energies  above  1700  cm"1  bi-exponential  de¬ 
cays  are  observed,  with  only  very  weak  beats;  this  is  in¬ 
dicative  of  near-statistical-Iimit  relaxations.  The  vibrational 
relaxation  lifetimes  in  this  region  vary  from  20  picoseconds 
at  1700  cm'1  to  <10  picoseconds  at  2036  cm'1.  The  time  de¬ 
pendent  behavior  of  the  states  in  these  three  regions  can  be 
clearly  associated  with  various  degrees  of  broadening  in  their 
dispersed  fluorescence  spectra,  which  we  have  measured  with 
an  optical  multichannel  analyser  (figure  2).  Spectra  of  states 
with  low  excess  vibrational  energies  have  many  sharp,  well- 
resolved  lines  with  instrument  limited  bandwidth.  States 
above  900  cm'1  exhibit  spectra  having  a  few  broad  bands 
which  are  overlaping.  but  distinguishable.  At  energies  above 
1500  cm  1  the  spectra  show  a  continuous,  broad  contour 
with  a  bandwidth  covering  >2000  cm  1 .  The  nearly  identi¬ 
cal  features  of  the  high  energy  spectra  highlight  the  statis¬ 
tical  nature  of  the  anharinonic  couplings  at  high  vibrational 
energies. 
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Figure  !.  Fluorescence  intensity  as  a  function  of  delay  time 
between  laser  pulses.  As  relaxation  mechanisms  decrease 
the  population  of  the  excited  state,  the  second  laser  pulse 
increases  the  fluorescence  signal.  The  arrows  indicate  the 
At  0  position.  Rotational  dephasing  effects  disappear  when 
the  electric  vector  polarizations  differ  by  M.7  degrees.  Be 
cause  pump  and  probe  are  the  same  wavelength,  the  signal 
is  symmetric  about  At  0  for  pulses  of  equal  power. 
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cm'5 

Figure  2.  Dispersed  fluorescence  from  vibronic  levels  of  fluo 
rene  having  excess  vibrational  energies  of  201 .  131s.  1700  and 
1946  cm  The  arrow  marks  the  resonance  fluorescence  peak 
which  contains  a  small  contribution  from  scattered  light 
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Intramolecular  charge  transfer  has  been  observed  in 
several  molecular  systems,  many  of  which  have  been 
examined  using  picosecond  time  resolved  techniques 
[  1  ].  Although  some  molecules  reveal  charge  transfer 
rates  on  the  order  of  x^1,  intramolecular  charge  transfer 
dynamics  which  arc  faster  and  slower  than  this  solvent 
fluctuation  time  have  been  reported.  In  addition,  nonex¬ 
ponential  electron  transfer  dynamics  have  been  observed 
in  4,4’-dimethylaminophenyl  sulphone,  p-(9-anthryl)- 
N,N-dimethylaniline,  and  bianthryl.  Recent  studies  on 
the  excited  state  intramolecular  charge  transfer  of  4,4'- 
dimcthylaminopheny!  sulphone  in  alcohols  suggest  that 
solvent  diffusion  plays  a  minor  role  in  determining  the 
reaction  rate  |2).  For  propanol  through  hexanol,  the  rate 
of  reaction  is  considerably  faster  than  x^1,  suggesting 
that  the  dominant  contribution  to  the  chemical  reaction 
rate  involves  fluctuations  in  the  intramolecular  degrees 
of  freedom.  In  this  talk,  we  will  examine  the  dynamics 
of  formation  of  the  twisted  intramolecular  charge 
transfer  state  of  p-dimethylaminobenzonitrile  (DMABN) 
and  p-diethylaminobenzonitrile  (DEABN)  in  alcohol 
solutions  (ethanol  to  hexanol)  as  a  function  of  tempera¬ 
ture  (0°  C  to  -50°  C). 

For  these  molecular  systems,  charge  transfer  occurs 
on  the  excited  state  surface.  Excitation  populates  the 
nonpolar  local  excited  (LE)  state.  In  polar  solvents, 
rapid  intramolecular  charge  transfer  occurs,  the  charge 
separation  is  stabilized  by  rotation  around  the  phenyl- 
amino  bond.  Formation  of  this  twisted  intramolecular 
charge  transfer  (TICT)  state  results  in  the  appearance  of 
a  new  visible  emission.  In  general,  our  results  show 
that  the  population  decay  of  the  LE  state,  Q(t),  cannot 
be  fit  by  a  single  exponential.  By  modeling  the  decay  as 
a  sum  of  exponentials,  we  have  obtained  the  average 
lifetime,  xa  of  the  survival  probability  of  the  LE  state. 
In  all  of  the  alcohol  solvents  studied,  Ta  is  significantly 
shorter  than  the  solvent  fluctuation  rate  gauged  by  the 
longitudinal  relaxation  time  of  the  solvent,  xL  (xD€oyes), 
corresponding  to  the  slow  collective  hydrogen  bonding 
dynamics. 


Comparison  with  recent  dynamical  solvation  studies 
[3|  suggest  that  the  multiexponential  electron  transfer 
kinetics  reflected  by  Q(t)  do  not  result  from  contribu¬ 
tions  of  higher  frequency  responses  of  e(co).  Com¬ 
parison  of  the  behavior  of  Q(t)  and  xa  to  a  recent 
theoretical  model  by  Nadler  and  Marcus  [4]  clearly 
demonstrate  that  in  all  solvents  studied,  the  dominant 
contribution  to  the  reaction  rate  come  from  fluctuations 
in  the  intramolecular  vibrational  motions,  not  solvent 
diffusion.  This  conclusion  also  is  supported  by  recent 
gas  phase  measurement  as  well  as  studies  of  the  elec¬ 
tron  transfer  dynamics  in  frozen  hexanol. 
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Time  domain  observation  of  molecular  movements 
such  as  rotation,  libration  or  vibration  can  actually 
be  performed  with  high  accuracy  by  using  femtosecond 
lasers.  Coherent  excitation  of  a  Raman  active  vibra¬ 
tion  can  be  achieved  with  a  single  light  pulse  whose 
duration  is  shorter  than  the  vibrational  period  of  the 
mode^1’2^.  We  will  report  additional  features  of  these 
Raman  quantum  beats  due  to  impulsive  Raman  excitation. 

We  have  performed  measurements  close  to  an  elec¬ 
tronic  resonance  in  a  dye  molecule  using  various  pump- 
probe  techniques.  Following  a  single  beam  excitation, 
we  have  analysed  the  polarisation  rotation  and  ellip¬ 
tic  ity  change  experienced  by  a  delayed  probe  beam.  In 
addition  to  these  measurements  of  transient  induced 
dichrolsm  and  birefringence,  we  have  developed  a  new 
experimental  configuration  to  analyse  the  frequency 
modulation  (spectral  shift)  of  the  probe  beam  as  well 
as  its  amplitude  modulation  (time  delay  shift).  In 
these  four  experimental  schemes  we  observe  small  ampli¬ 
tude  oscillations  superimposed  on  a  large  background 
originating  from  saturated  absorption  and  dispersion 
decays  (Fig.  1). 

We  can  interpret  these  observations  in  terms  of 
impulsive  stimulated  Raman  scattering  (ISRS)  close  to 
an  electronic  resonance.  Our  observations  show  the  main 
trends  of  resonant  ISRS  such  as  the  joint  observation 
of  an  absorptive  effect  in  addition  to  pure  dispersive 
manifestations.  Vibration  in  the  ground  electronic  sta¬ 
te  is  involved  in  the  same  extent  as  vibration  in  the 
excited  state.  We  have  shown  that  their  observation 
can  be  experimentally  separated  as  it  appears  qualitati¬ 
vely  in  Fig.  1  in  view  of  the  different  damping  cons  - 
tants  of  the  observed  oscillations.  Identical  behaviours 
of  the  observed  vibrational  decays  are  observed  for 
malachite  green  in  different  solvents. 


Fig.  1.  Time-resolved  dichrolsm  and  birefr ingence 
induced  by  a  femtosecond  pump  beam,  are  observed 
on  malachite  green  dissolved  in  water  (top).  Ultra- 
fast  beats  are  superposed  on  the  relaxational  de¬ 
cays,  and  are  experimentally  extracted  for  each 
observation.  At  the  bottom,  similar  results  are 
obtained  by  detecting  frequency  modulation  as  well 
as  amplitude  modulation  of  the  probe  beam  versus 
the  time  delay  between  pump  and  probe. 

We  will  report  the  interpretation  of  these  various 
aspects  of  impulsive  stimulated  Raman  excitation  and 
probing  in  the  frame  of  a  density  matrix  expansion  ap¬ 
plied  to  a  simple  vibronic  system.  We  will  underline 
the  salient  features  originating  from  the  presence  of 
the  electronic  resonance,  concerning  mainly  the  vibra¬ 
tional  excitations  in  both  ground  and  excited  electro¬ 
nic  states.  The  informations  that  can  be  extracted 
from  the  initial  phase  of  the  observed  oscillation  will 
be  discussed.  Finally,  The  links  betwenn  the  present 
measurement  and  more  conventional  techniques  such  as 
time  resolved  CARS  or  Raman  induced  Kerr  effects  will 
be  revieweo. 
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It  is  now  possible  to  probe  intermolecular  and 
intramolecular  motions  on  time  scales  which  are  short  compared 
to  elementary  collision  times  or  vibrational  periods.1  Thus  the 
basic  nuclear  motions  which  may  lead  to  bimolecular  or 
unimolecular  chemical  reactions  can  be  observed  on  their 
natural  time  scales.  In  fact,  these  motions  are  almost  always 
initiated  coherently  by  a  sufficiently  short  (i.e.  femtosecond) 
laser  pulse.  This  facilitates  time-resolved  probing  with 
subsequent,  variably  delayed  pulses. 

Figure  1  illustrates  initiation  of  coherent  nuclear  motion 
(i.e.  coherent  wavepacket  propagation)  in  electronic  excited 
states  through  optical  absorption  of  an  ultrashort  pulse. 
Following  absorption,  molecules  find  themselves  on  the  side  of 
the  St  potential  surface.  They  then  undergo  vibrational 
oscillations  about  the  Si  potential  minimum.  These  oscillations 
are  phase-coherent  if  the  excitation  pulse  was  short  compared  to 
the  oscillation  period.2  Excitation  into  the  unstable  potential  S3 
leads  to  dissociation  rather  than  oscillation.  The  same  may  occur 
in  S2  depending  on  the  details  of  the  Si  and  S2  potential  surfaces 
and  on  dissipation  due  to  interactions  between  the  reacting 
species  (or  in  a  large  molecule,  the  degree  of  freedom  O  along 
which  reaction  occurs)  and  its  environment.  The  nuclear  motion 
along  Q  will  be  phase-coherent,  i.e.  synchronized  among  all  the 
excited  molecules,  if  the  excitation  pulse  is  short  in  duration 
compared  to  the  time  required  for  nuciei  <0  move  a  significant 
distance.  Phase-coherent  chemical  change  thus  occurs  in  state 
S2  or  S3. 


Q 


Figure  1 .  Schematic  illustration  of  coherent  wavepacket 
propagation  initiated  by  optical  absorption  of  an  ultrashort 
pulse.  Absorption  into  the  Si  level  leads  to  coherent  oscillations 
along  coordinate  Q  about  the  Si  potential  minimum.  Absorption 
into  S2  or  S3  may  lead  to  coherent  motion  along  Q  without 
oscillation,  i.e.  to  photodissociation.  Dissipation  could  inhibit 
photodissociation  from  the  S2  state,  giving  rise  to  oscillations 
about  the  weak  potential  minimum. 

For  small  molecules  in  the  gas  phase,  time-resolved 
observation  of  photodissociation  dynamics  may  yield  accurate 
reactive  potential  energy  surfaces  (PES's).3  In  condensed 
phases,  dissipation  and  inhomogeneity  destroy  the  one-to-one 
correspondence  between  dynamics  and  PES.  Semiquantitative 
determination  of  intramolecular  PES's  which  are  only  weakly 
perturbed  by  their  environment  may  be  possible  through 
measurement  of  reaction  dynamics.  In  addition,  the  effects  of 
environment  on  reaction  dynamics  and  yield  may  be  examined. 


Femtosecond  time-resolved  absorption  measurements  of 
several  organic  and  organometallic  species  are  discussed.  In  the 
crystalline  phase,  the  excimer-formation  reactions  in  perylene 
and  pyrene  molecular  crystals  have  been  studied.4  These  are 
well  oriented  bimolecular  reactions  which  are  initiated  by 
photoexcitation.  We  observe  subpicosecond  excimer  formation 
times  in  both  crystals  at  room  temperature.  This  reflects  rapid 
and  probably  partially  phase-coherent  intermolecular  approach 
following  excitation. 

The  photodissociation  of  chromium  hexacarbonyl, 
Cr(CO)6,  in  methanol  solution  to  yield  Cr(CO)s  +  CO  was 
studied.5  As  shown  in  Figure  2,  bond  breakage  is  complete  in 
about  300  fs  following  photoexcitation  at  310  nm.  The 
nonexponential  time-dependence  of  transient  absorption  at  short 
times  reflects  the  classical  kinematics  of  motion  (wavepacket 
propagation)  along  the  unstable  dissociative  PES.  The 
exponential  rise  in  absorption  at  longer  times  is  due  to 
compexation  of  the  "bare"  Cr(CO)5  species  with  a  solvent 
molecule.6 

The  photochemistry  of  manganese  decacarbonyl, 
(CO)5Mn-Mn(CO)5,  in  methanol  was  also  investigated.5 
Following  excitation  at  310  nm.  either  CO  loss  (followed  by 
formation  of  the  bridged  species  Mn2(CO)9  which  absorbs  in  the 
blue)  or  metal-metal  bond  breakage  (yielding  Mn<CO)s  radicals 
which  absorb  in  the  near-IR)  occurs.  The  former  process  is 
complete  in  about  500  fs,  and  the  dynamics  of  product  formation 
appear  to  be  exponential  as  shown  in  Figure  3.  This  is  to  be 
expected  since  several  molecular  motions  are  involved  and 
phase-coherence  is  not  maintained.  Formation  of  the  radical 
fragments  occurs  with  an  unusual,  oscillatory  time-dependence 
as  shown  in  Figure  4.  This  may  reflect  a  solvent  barrier  to 
dissociation  which  gives  rise  to  Mn-Mn  "stretching"  vibrations 
in  the  excited  state.  Since  in  this  case  very  large  fragments  are 
separating,  strong  solvent  effects  are  anticipated  even  at  small 
displacements  Q  along  the  reaction  coordinate.  The  reactive  PES 
and  the  extent  of  dissipation  during  progress  along  Q  depend  on  a 
molecule's  local  environment.  Some  molecules  will  dissociate 
while  others  will  undergo  excited-state  oscillation.  These 
observations  provide  insight  into  the  role  played  by  the  solvent 
in  mediating  chemical  reaction  dynamics  and  yield. 
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Figure  2.  Transient  480-nm  absorption  of  Cr(CO)6  in  methanol 
following  310-nm  excitation.  The  nonexponential  decay  at  short 
times  reflects  the  dynamics  of  CO  dissociation.  At  longer  times 
(see  inset),  solvent  complexation  of  Cr(CO)5  occurs. 
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Figure  3.  Transient  500-nm  absorption  of  Mn2(CO)io 
following  310-nm  excitation.  Loss  of  CO  and  formation  of  the 
bridged  compound  Mn2(CO)g  are  complete  in  about  500  fs. 


Mn2  (CO)  io  X  -  800  nm 


I  i me  (ps) 

Figure  4.  Transient  800-nm  absorption  of  Mn2(CO)io 
following  310-nm  excitation.  The  formation  of  Mn{CO)5 
radicals  appears  to  be  oscillatory  This  may  be  due  to  a  solvent- 
induced  potential  energy  barrier  to  dissociation  of  the  two  large 
photofragments. 
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LOW  TEMPERATURE  GLASS  RELAXATION  AND 
INTERACTION  WITH  SOLUTES  PROBED  BY  PICOSECOND 
PHOTON  ECHO  AND  HOLE  BURNING  EXPERIMENTS 


h.  Berg,3*  C.A.  Walsh, b*  L.R.  Narasimhan, 

K . A .  Llttau  and  M.D.  Fayer 

Department  of  Chemistry,  Stanford  University, 
Stanford  University,  Stanford  CA  94305 


Glasses  are  not  only  an  intrinsically 
interesting  and  important  class  of  materials, 
they  are  also  a  prototype  for  understanding 
the  unique  properties  which  nave  been 
identified  in  many  disordered  materials 
including  polymers,  amorphous  semiconductors 
and  metals,  biological  materials  and 
disordered  crystals.  These  unique  properties 
are  commonly  attributed  to  two-level  systems 
(TLS ) ,  which  are  poorly  understood  motions 
with  a  wide  distribution  of  properties, 
including  relaxation  rate.il]  Optical 
dephasing  measurements  have  been  a  valuable 
probe  of  dynamics  in  crystalline  phases  and 
there  is  growing  interest  in  applying  these 
techniques  to  probe  the  dynamics  of  amorphous 
materials  and  their  interaction  with 
solutes. [2]  Although  the  possible  importance 
of  slowly  relaxing  motions  on  optical 
dephasing  techniques  has  often  been 
recognized,  a  systematic  discussion  of  these 
effects  has  not  appeared  nor  nave  these 
effects  been  exploited  to  yield  information 
on  relaxation  in  disordered  materials.  In 
this  work, 13]  a  unified  treatment  of  the 
effect  of  relaxation  on  all  timescales  on  a 
variety  of  optical  dephasing  experiments  is 
derived,  experiments  demonstrating  the 
existence  of  slow  relaxations  in  glasses  are 
performed,  and  the  results  are  used  to 
extract  basic  features  of  the  glass  dynamics 
and  their  effect  on  solute  electronic  states. 

The  various  methods  which  nave  been  used 
to  measure  dephasing  times  (photon  echoes, 
hole  burning,  fluorescence  line  narrowing, 
stimulated  photon  echoes,  etc.)  are  shown  to 
be  inequivalent  in  materials  with  multiple 
relaxation  timescales.  None  of  these 
experiments  is  correctly  described  by  the 
optical  absorption  expressions  commonly  used 
to  analyze  dephasing  experiments.  We  have 
treated  these  apparently  diverse  experiments 
in  a  unified  manner  oy  using  a  nonlinear 
optical  line  shape  formalism  (4]  to  derive 
their  correlation  functions.  The  experiments 
differ  primarily  through  a  characteristic 
time,  which  determines  the  relaxation 
timescales  v.'hich  contribute  to  the  dephasing 
measured  by  a  given  experiment.  Since  this 
characteristic  time  varies  by  at  least  12 
orders  of  magnitude,  the  quantitative 
comparison  of  different  dephasing  experiments 
can  be  used  to  explore  the  broad  range  of 
relaxation  rates  characterizing  disordered 
materials. 

In  a  specific  application  of  these 
ideas,  temperature  dependent  photon  echo  and 
nonphotochemical  hole  burning  experiments  on 
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resorufin  in  ethanol,  d-ethanol  and  glycerol 
have  been  performed  from  1.1-25  K  [Fig.  1], 
Qualitatively  similar  results  are  found  in 
all  three  glasses.  The  hole  burning  pure 
dephasing  times  at  low  temperatures  are  6 
times  shorter  than  the  photon  echo  dephasing 
times,  reflecting  the  presence  of  slow 
relaxation  processes  (spectral  diffusion)  in 
the  glass.  At  higher  temperatures,  both 
dephasing  times  deviate  from  the  power  law 
predicted  for  TLS  dephasing  and  begin  to 
coalesce.  These  effects  are  attributed  to 
the  onset  of  dephasing  by  a  pseudolocal 
phonon  mode  at  higher  temperatures .[ 5 )  These 
modes  have  frequencies  and  lifetimes  similar 
to  those  found  in  crystalline  materials.  By 
removing  the  effects  of  pseudolocal  mode 
dephasing,  the  TLS  contribution  to  dephasing, 
which  is  unique  to  disordered  materials,  is 
found.  This  contribution  is  further  broken 
down  into  a  portion  due  to  fast  relaxations 
("homogeneous"  dephasing)  and  slow 
relaxations  (spectral  diffusion)  by  combining 
the  photon  echo  and  hole  burning  results. 
Fractional  power  law  temperature  dependences 
are  found  for  both  portions  [Fig.  2], 
Surprisingly,  the  photon  echo  decays  are 
exponential  over  at  least  6  lifetimes  [Fig. 

3] ,  despite  the  presence  of  multiple 
relaxation  timescales.  In  addition,  the  hole 
shapes  are  Lorentzian  even  though  they  are 
dominated  by  "non-homogeneous"  processes. 

By  combining  the  correct  correlation 
functions  for  each  experiment  with  a  model  of 
the  glass  dynamics  based  on  standard 
assumptions  about  TLS,  all  the  major 
experimental  results  can  be  accounted  for. 

The  magnitude  of  the  difference  in  photon 
echo  and  hole  burning  dephasing  times  is 
consistent  with  relaxation  rates  distributed 
over  at  least  12  orders  of  magnitude.  The 
Lorentzian  hole  shapes  are  not  the  result  of 
a  homogeneous  dephasing  process,  but  arise 
from  an  intrinsically  Lorentzian 
"inhomogeneous"  distribution  generated  by  a 
long  range  (1/r3)  solute-glass  interaction. 
The  form  of  the  photon  echo  decay  is  directly 
related  to  the  distribution  of  relaxation 
rates,  R.  The  experimental  exponential  decay 
indicates  a  1/R  distribution  at  short  times, 
in  accord  with  the  simplest  models  of  glass 
dynamics.  However,  the  inequality  of  the 
temperature  dependence  exponents  for  the  slow 
and  the  fast  relaxation  components  indicates 
a  more  complicated  distribution  at  longer 
times.  Additional  dephasing  experiments  at 
intermediate  timescales  are  needed  to 
characterize  this  distribution  in  detail. 

This  work  was  supported  by  the  National 
Science  Foundation  Division  of  Materials 
Research  (DMR84-16343 ) .  Additional  support 
was  provided  by  the  Office  of  Naval  Research, 
Physics  Division  ( N00014-85-K-0409 )  . 
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Fig.  1.  Log-log  plots  of  temperature 
dependent  hole  burning  (HB)  dephasing  times 
compared  to  photon  echo  (PE)  dephasing  times 
for  resorufin  in:  (A)  glycerol,  (B)  ethanol 
glass.  The  fluorescence  lifetime 
contribution  to  both  measurements  has  been 
removed.  At  low  temperatures  the  dephasing 
times  differ  by  a  factor  of  6  as  a  result  of 
slow  relaxation  processes  m  the  glass.  At 
high  temperatures,  dephasing  is  dominated  by 
pseudolocal  mode  motion.  As  a  result,  the 
two  measurements  coalesce  and  deviate  from 
power  law  behavior. 


T  (K) 


Fig.  2.  Log-log  plot  of  the  temperature 
dependence  of  the  spectral  diffusion 
linewidth  r*SD  defined  as  the  difference  of 
the  photon  echo  and  hole  burning  linewidths. 
Data  are  shown  for  resorufin  in  two  glasses: 
•  -  ethanol  and  ■  -  glycerol. 


PULSE  SEPARATION  (ns) 

Fig.  3.  A  semi-log  plot  of  the  photon  echo 
signal  from  resorufin  in  d-ethanol  glass  at 
1.5  K  as  a  function  of  pulse  separation.  The 
decay  is  exponential  over  6.2  lifetimes. 
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FEMTOSECOND  OPTICAL  KERR  DYNAMICS 
IN  MOLECULAR  LIQUIDS  OF  VARYING  STRUCTURE 
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We  have  investigated  the  molecular  dy¬ 
namics  of  some  simple  polarizable  liquids 
through  the  dependence  of  the  third  order 
nonlinear  optical  susceptibility 
intra-  and  intermolecular  degrees  of 
freedom.  These  include  small  and  large 
angle  orientational  motions  of  single 
molecules  in  the  laboratory  frame,  as 
well  as  orientational  and  translational 
variables  in  interacting  sets  of  molecules, 
and  intramolecular  normal  coordinates 
( Raman  modes) . 

The  optical  heterodyne  detected 
optical  Kerr  effect  [1]  has  been  employed 
to  resolve  the  femtosecond  dynamics  of 
the  intensity  dependent  refractive  index 
of  the  liquids  CS. , CS_ /n-a 1 kane  binary 
solutions,  n-alkyl  nitriles  (n«l,3,6), 
benzene  and  many  substituted  analogs,  and 
a  number  of  halogenated  methanes.  Results 
will  be  presented  and  discussed  which 
indicate  that  pairwise  intermolecular 
interactions  significantly  influence  the 
magnitude  of  x  and  the  dynamics  of^inter- 
molecular  motions  which  modulate  x  at 
times  less  than  1  ps.  This  appears  to 
be  governed  by  the  curvature  and 
fluctuation  rate  of  the  local  intermolecular 
potential  in  which  the  nonspherical 
molecules  librate.  The  relation  between 
these  results  and  the  dielectric  friction 
exerted  by  nonspherical  molecular  liquids 
on  charged  or  polar  solute  transients 
(dynamic  solvation)  will  be  developed  and 
d  iscussed . 

The  influence  of  intermolecular  inter¬ 
actions  on  the  dynamics  of  intramolecular 
vibrations  (Raman  modes)  in  several  halo¬ 
genated  methanes  will  also  be  discussed 
and  compared  to  the  nse  of  the  intermol¬ 
ecular  1  ibrat  ions  discussed  above. 


[1]  D.  McMorrow,  W.T.  Lotshaw,  and  G.A. 
Kenney-Ual lace  IEEE  J.  Quant.  Elect. 

24.  p44  3-4  54  (  1  988  ) 
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COOPERATIVE  EFFECTS  UNDER  INTERACTION  OF  CO¬ 
HERENT  RADIATION  WITH  MATTER 

V  .  F . Chel tsov 

Novatorov  Str.,  18-7-2,  Moscow  V-421.USSR 

This  report  deals  with  the  interaction  of  a 
coherent  instantly  switched  on  resonance 
elect romagnet i c  field  with  a  system  of  N 
identical  motionless  two-level  atoms. 

When  the  field  is  represented  by  a  single 
resonance  mode  the  analysis  of  the  behaviour 
of  the  stark-system  "N  atoms  +  mode"  is 
carried  out  in  the  RWA-approximat ion ,  by  di¬ 
agonalizing  the  hamiltonian,  the  initial 
number  of  resonance  photons  being  regarded 
as  a  parameter. 

The  energy  eigenva lues , i . e the  A.C.  Stark- 
spectrum  form,  generally,  a  set  of(N+l)  irra¬ 
tional  noneommensurate  val ues ( i . e . cooperat i ve 
harmonics) .The  vacuum  stark(or  Rabi)  split¬ 
ting  of  the  energy  levels  propotional  to 
is  shown  to  exist  in  the  presence  of  one 
initially  excited  atom  in  the  system  of  N- 
1,2,3  atoms  with  =>  0.  When  N  atoms  are 

in  the  strong  (W  >>  N ,  =  constant)  driving 

field, the  stark  spectrum  consists  of(N  +1) 
harmonics,  multiple  to  the  Habi  frequency 

aB(  Wc) 1/2 .  The  harmonics  noncommensurab i - 
lity  brings  about  the  quasiperiodicity  of  the 
system’s  dynamics  so  that  due  to  the  phase¬ 
mixing  effect  its  initial  state  is  not  repea¬ 
ted.  The  effect  results  in  the  establ i shment 
of  a  dynamical  equilibrium  between  the  atoms 
and  the  arising  coherent  field,  with  the 
difference  N_  -  N2  —  N.  in  the  atomic  levels' 
populations  turning  tozero.  The  ^niti^lly 
inverted  atomic  suosystem  (with  N_  = 

0  and  n*  =0)  becomes  saturated  with  N_  0 
and  the  number  of  arising  photons  equal  to 
1/2  N° .  Change  of  N_  obeys  a  law  of 
damping  oscillations  with’the  frequency  and 
decrement  of  the  same  order  B(N_)  1/2  .In 
the  strong  field  (  »  N)  the'number  of 

photons  is  constant  and  the  inversion  N 
oscillates  as  N_(t)  =  Ncos  (  Ct). 

The  theory  of  cooperative  resonance  fluores¬ 
cence  was  developed  when  the  radiation 
wave  length  >>  R- interatomic  distance,  the 
driving  field  being  assumed  to  be  switched  on 
instantly.  The  stark-system  was  considered  as 
a  source  of  a  spontaneous  and  stimulated 
emission.  Considering  the  interaction  of  the 
stark-system  with  a  free  radiation  field, 
i.e.,a  fluorescence  field,  as  a  small  per¬ 
turbation,  and  using  for  the  fluorescence  both 
the  standard  perturbation  treatment  and  the 
commutator  version  of  the  evolution  operator 
method,  we  found  its  spectrum  and  pectral 
lines  intensities  for  N* 1,2, 3, 4  at  )tns  in  the 
strong  (  /2C»  N)  driving  field  and  for  N=l,2 
in  an  arbitrary  field.  The  cooperative  reso¬ 
nance  fluorescence  spectrum  has,  mainly, 

~  and(£Cj^+  2  )  -  harmonics  with  their 

intensities’  ration  determined  by  Lhe 
initial  populations  in  the  atomic  levels  The 
ration  reaches  its  maximum  equal  to  unit  by 
order  of  magnitude  when  all  atoms  are  ini¬ 
tially  in  the  same  level.  Such  a  strong 
dependence  on  the  initial  conditions  remain 
both  in  the  first,  second  and  third  orders  of 
the  perturbation  theory  and  is  caused  by  the 
interference  of  the  initial  amplitudes  of 
cooperative  states  of  the  atoms  in  the 
driving  field. 


The  cooperative  (N  ^  1)  higher  (  +  4 5?) 

-  harmonics'  intensity  obtained  in  the  first 
perturbation  approach  in  the  case  of  the  weak 
and^moderate  driving  field  decrease  as 
l/nZ  as  increases.  In  the  case  of  strong 
fie^d  and  in  the  second  and  third  orders  of 
perturbation  t-heory  the  i  in  tens  i  t  y  is  pro¬ 
portional  to  ^?400l£?*  ,  where  a  sponta- 

nous  linewidth  . 
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/4/  V . F. Chel tsov , Opt i ca  Acta , 33 , 33 ( 1 986) 


Abstract  No.  597 


ULTRAFAST  PHOTONIC  SWITCHING 
WITH  NONLINEAR  GLASS  Gl’IDED  WAVE  DEVICES 

P.  W.  SMITH 
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One  reason  for  the  current  upsurge  of  Inter¬ 
est  in  photonic  switching  has  been  the 
realization  that  all-optical  devices  have 
the  capability  to  switch  at  rates  much 
higher  than  those  possible  with  electronics 
technology.  Such  high  rates  are  likely  to 
be  necessary  in  future  high-speed  communica¬ 
tions  and  computing  systems. 

Optical  glasses  have  a  number  of  advantages 
as  nonlinear  materials  for  all-optical 
devices.  Their  high  transparency  allows 
long  interaction  lengths  in  guided-wave 
structures  and  essentially  eliminates  the 
thermal  heating  problems  that  have  limited 
the  performance  of  all-optical  devices  made 
from  other  materials.  1  will  present  our 
results  on  four  wave  mixing  measurements  of 
nonlinear  coefficients  for  a  variety  of 
optical  glasses,  and  show  that  certain 
optical  glasses  have  ♦'he  highest  figure  of 
merit  of  any  nonlinear  optical  material. 

In  the  last  few  years,  a  number  of  glass 
optical  fiber  switching  devices  have  been 
demonstrated,  including  a  birefringent 
fiber  polarization  switch,  a  fiber  Kerr 
gate,  and  a  two-core  fiber  directional 
coupler.  After  surveying  this  work,  I  will 
present  our  results  on  guided-wave  nonlin¬ 
ear  coupler  structures  that  have  demonstrat¬ 
ed  substantially  complete  switching  of  100 
femtosecond  pulses.  This  is  the  fastest 
switching  time  ever  measured  for  a  guided 
wave  all-optical  device. 
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Ultr&»Small  Semiconductor  Microresonators 

J.  L.  Jewed,  S.  L  McCall*.  Y,  H.  Lee,  A.  Schererb, 

A.  C.  Gossard0  and  J.  H.  English0 
AT&T  Bell  laboratories,  Rm.  4G-5SO,  Holmdel,  NJ  0778S  U.S.A. 

Future  technologies  such  as  ail-photonic  switching  networks  for  long 
range  communications,  optoelectronic  chip-to-chip  communication, 
and  optical  computing  will  require  large  numbers  of  all-optical  or 
optoelectronic  devices  with  low  operating  energies  (<  1  fJ)  and  high 
"peed  (<  10  ps).  All  devices  reported  to  date  fall  short  of  these  goals. 
Optical  resonators  (Fabry-Perot  etalons)  form  the  basic  structure  for 
moet  optical  logic  devices  and  also  for  lasers,  thus  it  is  important  to 
try  and  scale  these  structures  to  sizes  as  small  as  possible.  In  this 
paper  we  report  experimental  results  on  1.5-pm  diameter  GaAs 
microresonators  operated  as  optical  logic  etalons  (OLE)  and  as 
optically-pumped  lasers.  We  also  discuss  straightforward  techniques 
for  further  scaling  to  —  1/4  pm,  which  should  allow  them  to  achieve 
the  desired  speeds  and  energies. 

The  use  of  ion-beam-assisted  etching  to  form  ~15-*<m  diameter 
waveguiding  "posts" .  or  microresonators,  in  a  GaAs/AlAs  Fabry-Perot 
structure  grown  entirely  by  molecular  beam  enitaxy  (MBE)  has 
reduced  the  device  cross-sectional  areas,  energy  requirements  and 
recovery  times  all  by  more  than  an  order  of  magnitude1.  Fig.  I  shows 
a  very  small  region  of  the  etched  heterostructure.  Prior  to  etching  the 

minimum  controlling  energy  required  Tor  an  optical  logic  etalon 

2 

operation  was  20  pJ.  The  device  diameter  was  about  10  pm  and 
recovery  time  was  estimated  to  be  several  ns,  both  inferred  from 
measurements  on  comparable  devices  For  1  5-pm  microresonators  the 
energy  is  0.0  pJ  and  recovery  time.  -200  ps  (Fig.  2).  Thus,  at  least 
over  this  size  range,  the  energy  and  time  requirements  scale  directly 
with  cross-sectional  area. 

With  the  controlling  (pump)  energies  increased  to  about  9  pJ,  the 
microresonators  reach  lasing  threshold.  Fig  3  shows  an  input/output 
characteristic  for  one  microlaser.  Fig  4  shows  a  2x2  array  of 
microlasers  formed  by  splitting  a  60-pJ  pump  beam  into  4  beam-.  The 
9-pJ  energy  threshold  is  larger  than  the  -  1  pJ  Tor  the  lowest 
threshold  electrically  driven  diode  lasers  but  there  is  much  room  fi  r 
improvement  as  will  be  discussed  later  The  high  finesse  and  strong 
dielectric  confinement  attainable  in  these  structures  are  their  chief 
advantages  over  conventional  diode  lasers  Furthermore  they  are 
inherently  surface  emitting,  making  optical  access  straightforward  If 
similar  low  energies  could  be  achieved  in  electrically-driven  surface- 
emitting  mierolasers,  they  might  be  competitive  with  electronics  or 
other  diode  lasers  for  chip-to-chip  communication 
It  is  possible  to  reduce  the  microresonalor  diameters  much  further 
approximately  to  the  wavelength  in  the  material,  A/n.  which  for  GaAs 
devices  is  about  1/4  pm  The  problem  is  not  so  much  in  constructing 
small  microresonators,  but  coupling  the  light  into  them  We  have 
focused  light  of  0  9  pm  wavelength  through  a  hemisphere  of  SrTiOj 
with  refractive  index  n=2  4.  to  a  full  diameter  of  only  —0.7  pm  Use 
of  a  semiconductor  with  n  >3  allows  focusing  to  <.  0  6  pm  and  device 


diameters  —0.5  pm.  The  devices  can  be  grown  on  a  transparent 
semiconductor  substrate  with  lens  surfaces  formed  on  the  backside  by 
a  non-labor-intensive  process  such  as  photoelectrochemical  etching. 
Since  it  is  unrealistic  to  focus  to  much  smaller  than  —0.5-pm 
diameters  (over  many  devices)  and  —  0.25-pm  diameters  are  desired, 
only  one  option  appears  to  remain — tapering  the  waveguiding  devices. 
Such  a  device  would  resemble  a  microwave  horn.  Preliminary 
experiments  with  dielectric  microwave  tapered  waveguides  suggest 
that  the  necessary  tapering  in  GaAs  optical  waveguides  might  be 
accomplished  over  a  length  of  only  about  2  pm.  Optical  horns  might 
be  formed  by  varying  the  etch  parameters  during  etching. 

In  conclusion,  we  have  demonstrated  the  first  step  of  decreasing 
optical  resonator  diameters  to  their  fundamental  limit,  namely  by 
forming  waveguiding  structures.  The  second  step,  high-numerical- 
aperture  focusing,  has  been  partially  demonstrated,  and  the  final  step, 
waveguide  tapering,  has  been  proposed.  If  the  energies  and  times 
continue  to  scale  with  cross-sectional  area,  the  smallest  devices  should 
have  <6  ps  recovery  times,  with  —17  fJ  controlling  energies  for  gates 
and  —250  fJ  lasing  thresholds.  The  MBB-grown  etalon  used  in  our 
experiments  however,  was  a  first  attempt;  the  design  was  conservative 
and  not  optimized.  The  energies  should  be  reduced  considerably  by 

increasing  the  etalon  finesse.  Furthermore,  essentially  all  of  the 
optical  nonlinearity  is  due  to  bandfilling.  Use  of  excitonic 

nonlinearities  obtained  from  multiple  quantum  wells  and/or  operation 
at  reduced  temperature  could  reduce  the  energies  by  another  order  of 
magnitude.  With  such  improvements,  we  expect  to  reduce  the  gate 
controlling  energies  to  less  than  1  fJ.  approaching  the  statistical  limit 
Tor  reliable  switching  of  a  few  hundred  photons^.  It  is  important  to 
point  out  that  effects  such  as  waveguide  loss  and  dispersion  could 
cause  the  lower  practical  limit  on  device  diameters  to  be  somewhat 
larger  than  A/n,  or  it  could  even  be  slightly  smaller.  The  techniques 
reported  here  however  will  allow  us  to  reach  that  limit,  whatever  it 
may  be. 
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Figure  2  (Upper)  Response  of  a  1.5-pm  device  to  600  fj 
controlling  pulses  The  left  side  is  the  output  with  no  input 
(controlling  '<ulses)  present  and  the  right  side  is  the  output  with 
input  presepi..  (Lower)  Same  as  upper  but  with  probe  pulses 
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An  asymmetric  coupled  quantum  well  structure 
consists  of  two  dissimilar  CaAs  quantum  wells 
separated  by  a  thin  AlCaAs  barrier  layer.  Inter¬ 
well  coupling  is  mediated  by  quantum  mechanical 
tunneling  through  the  classically  forbidden 
barjjej  ?nd  iS  manlfested  spectroscopically  as  an 
avoided  level  crossing  in  the  exci tonic  absorp¬ 
tion.  in  addition,  when  biased  by  an  electric 
field,  the  coupled  well  can  become  spatially  in- 
direct,  with  electrons  and  holes  localized  in 
different  layers. 

We  present  spectroscopic  measurements  of  the 
interwell  tunneling  rate  at  low  temperatures. 

We  also  give  evidence  of  a  strong  optical  non¬ 
linearity.  The  spectroscopic  results  can  be 
understood  in  terms  of  a  simple  single  particle 
model;  band  bending  effects  are  useful  in  de¬ 
scribing  the  nonlinearity.  We  also  demonstrate 
oscillator  strength  switching  based  on  tuning 
the  electron-hole  overlap  near  the  transition 
from  spatially  direct  to  spatially  indirect. 
Finally,  we  discuss  applications  to  opto¬ 
electronics. 
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Certain  material  growth  and  fabrication 
technologies  now  allow  the  control  of  compo¬ 
sition  and  structure  in  materials  on  an 
atomic  scale  (nanometric  scale) .  This  capa¬ 
bility  creates  new  design  degrees  of  freedom 
which  can  be  applied  to  devices  and  systems. 
Control  of  composition  and  structure  on  this 
scale  epitaxially  in  one  dimension  (e.g., 
quantum  well  and  superlattice  material)  has 
been  available  commercially  for  several 
years  and  is  now  yielding  a  number  of  de¬ 
vices  that  exhibit  novel  properties  which 
can  be  controlled  during  fabrication  of  the 
device.  These  include  quantum  well  semi¬ 
conductor  lasers,  resonant  tunneling  devices, 
high  electron  mobility  structures,  and  a 
host  of  others.  In  addition,  this  capabil¬ 
ity  has  lead  to  important  basic  discoveries 
such  as  the  quantum  hall  effect  and  the 
fractional  quantum  hall  effect.  Control  of 
the  other  two  dimensions  of  the  material  on 
this  scale  has  and  remains  a  very  challeng¬ 
ing  area  of  device  research.  Two  of  the 
simplest  possible  structures  at  this  size 
scale  are  the  quantum  wire  and  the  quantum 
dot,  whicn  are  the  2-  and  3-dimensional 
analogs  of  the  conventional  quantum  well 
structure.  The  physics  of  these  structures 
will  be  reviewed  and  approaches  to  fabrica¬ 
tion  and  measurement  will  be  discussed.  In 
addition,  the  potential  application  of 
arrays  of  quantum  wires  and  quantum  dots  as 
laser  diode  active  layers  will  be  considered. 
Quantum  dot  and  quantum  wire  effects  can 
be  simulated  using  high  magnetic  fields. 
Results  will  be  presented  from  simulation 
experiments  that  immerse  quantum  well  laser 
diodes  in  high  magnetic  fields  to  achieve 
quantum  dot  effects. 
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A  variety  of  quantum  mechanical  effects  have  been  ob¬ 
served  and  studied  in  artificially  structured  semiconductors 
and  metals  over  the  past  decade.  These  fall  broadly  into  four 
categories:  (1)  quantum  effects  due  to  reduced  dimensionality, 
such  as  in  quasi-one-dimensional  inversion  layers;  and  (2)  quan¬ 
tum  effects  due  to  coherent  diffraction,  such  as  in  grating-gate 
transistors;  {3)  effects  due  to  interference  of  quantum  wave- 
functions,  such  as  weak  localization  and  conductance  oscilla¬ 
tions  in  a  magnetic  field;  and  (4)  cooperative  effects  among  the 
electrons,  such  as  the  fractional  quantized  hall  effect.  A  review 
will  be  given  that  concentrates  on  the  first  two  effects  which 
can  be  realized  in  field-effect  devices  in  silicon  and  III- V  semi¬ 
conductors  patterned  with  10-100  nanometer  scale  structures 
using  x-ray  and  electron-beam  lithography. 
Reduced-Dimensionality  Effects 

Quantum  effects  arising  from  artificial  structures  were  first 
observed  in  inversion  layers  of  Si  metal-oxide-semiconductor 
field-effect  transistors  (MOSFETs).  Here  the  bending  of  the 
bands  at  the  Si/Si03  interface  produces  a  potential  which  quan¬ 
tizes  the  energy  for  motion  perpendicular  to  the  interface.  The 
lowest  energy  state  of  this  system  is  the  only  state  occupied  at 
temperatures  below  100K  so  that  the  electrons  in  the  inversion 
layer  are  truly  confined  to  two  dimensions  at  low  temperatures. 
A  two  dimensional  confinement  of  the  electrons  can  also  be  re¬ 
alized  in  III-V  semiconductor  hetero-interfaces.  The  quantum 
effects  unique  to  two  dimensions,  such  as  Landau  quantiza¬ 
tion  in  a  magnetic  field,  are  well  known  and  have  been  studied 
extensively  for  many  years.1 

Further  confinement  in  one  of  the  lateral  dimensions  of  the 
two  dimensional  system  results  in  a  one-dimensional  system. 
Such  a  system  is  called  quasi-one-dimensional  (QlD)  because 
more  than  one  lateral  mode  of  the  wavefunction  is  permitted, 
each  mode  giving  rise  to  a  one  dimensional  subband.  The  con¬ 
ductance  of  QlD  inversion  layers  is  expected  to  oscillate  as  the 
fermi  energy  is  swept  through  the  subbands.  In  the  early  1980’s 
many  investigators  fabricated  QlD  structures.  However,  in  the 
initial  investigations  the  anticipated  oscillations  were  masked 
by  fluctuations  in  the  conductivity.2,3  The  fluctuations,  known 
as  universal  conductance  fluctuations,  are  due  to  the  interfer¬ 
ence  of  the  electrons’  wavefunctions  caused  by  scattering  from 
impurites  or  other  imperfections.4  Warren  et  aJ.5  using  a  MOS- 
FET  consisting  of  about  250  parallel  QlD  Si  inversion  layers 
observed  oscillations  in  the  transconductance  and  attributed  it 
to  the  passing  of  the  fermi  level  through  the  QlD  subbands. 
Presumably,  the  large  number  of  parallel  conductors  averaged 


out  the  universal  conductance  fluctuations.  Recently,  Warren's 
measurements  have  been  duplicated  by  Ismail  et  al.°  in  QlD 
structures  in  GaAlAs/GaAs.  Subband  filling  has  also  been 
observed  by  a  capacitive  method  by  Smith  et  at.1 ,  and  Scott- 
Thomas  et  of.*  have  seen  strong  oscillations  in  the  conductance 
of  narrow  («  30  nm)  and  short  (ss  1  pm)  inversion  layers  in  Si. 
Coherent  Diffraction  Effects 

Coherent  diffraction  effects  arise  by  electrons  diffrating 
from  artificial  periodic  structures,  also  called  superlattices.  Su¬ 
perlattices  can  be  made  by  multilayer  growth  or  by  nanofab¬ 
rication  of  surface  gratings  and  grids.  The  lateral  surface  su¬ 
perlattices  (LSSL)  have  a  powerful  advantage  over  multilayer 
stuctures:  In  an  LSSL  one  can  electrically  control  both  the 
magnitude  of  the  periodic  potential  as  well  as  the  fermi  energy 
of  the  electrons.  Warren  et  al .®  observed  regular  oscillations 
in  the  conductance  of  Si  MOSFETs  using  a  LSSL  with  a  pe¬ 
riod  of  200  nm.  More  recently,  Ismail  et  a/.10  and  Tokura  and 
Tsubaki11  observed  similar  effects  using  a  Schottky-barrier 
LSSL  on  GaAlAs/GaAs  heterostructures.  Stronger  coherent 
diffraction  effects  are  expected  for  a  grid  stucture  made  by  su¬ 
perimposing  two  LSSLs  perpendicular  to  one  another  because 
true  gaps  open  in  the  energy  bands. 

In  addition  to  discussing  the  above  two  quantum  effects, 
we  will  describe  the  fabrication,  the  transport  physics  and  the 
modeling  of  these  devices. 
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We  will  review  our  theoretical  results  on  two 
Important  problems  of  electron  dynamics  in 
semiconductor  quantum  wells.  These  are  the  problems 
of  hot  carrier  relaxation  and  of  carrier -induced 
band- gap -renormalization.  Both  of  these  Issues  have 
important  implications  for  non-linear  optics  and 
ultrafast  photonics  applications  of  semiconductor 
quantum  wells. 

In  the  problem  of  hot  carrier  relaxation,  we  will 
present  detailed  numerical  results  for  the  picosecond 
hot-carrier  energy  relaxation  rate  in  GaAs  quantum 
wells.  Our  theory,  which  includes  quantum  degeneracy, 
dynamical  screening,  plasmon- phonon  coupling,  hot 
phonon  effect,  slab  and  interface  phonon  modes,  is  in 
excellent  agreement  with  the  available  experimental 
results.  In  addition,  we  predict  that  the 
renormalization  of  LO-phonons  by  electronic 
quasiparticles  gives  rise  to  novel  low-energy 
quasiparticle -like  LO-phonon  modes  which  become  very 
important  loss  channels  at  low  temperatures .  We 
identify  these  modes  as  the  "missing  loss"  mechanism 
at  low  temperatures  that  has  earlier  been  discussed  in 
the  literature.  In  the  problem  of  band -gap 
renormalization,  we  will  present  detailed  numerical 
results  for  the  carrier- induced  band-gap 
renormalization  (BGR)  with  the  RPA  theory  including 
both  electron-electron  and  electron-phonon 
interactions.  Universality  of  BGR  in  both  two  and 
three  dimensions  will  be  discussed  and  our  results 
will  be  critically  compared  with  experiment. 
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The  optical  and  electronic  properties  of  hydrogenated 
amorphous  silicon  (a-Si:H)  are  of  considerable  interest 
owing  to  the  application  of  thi*  material  to  photovoltaic 
and  thin  film  electronic  devices.  A  key  issue,  both 
related  to  the  defect  structure  of  a-Si:H  and  device 
performance,  is  the  nature  of  metastable  light-induced 
electronic  defects  (LIDs).1  We  have  conducted  a 
systematic  investigation  of  the  picosecond  PA  decays  for 
samples  of  varying  defect  density  over  a  range  of  pump 
intensities,  at  several  repetition  rates,  and  over  a  range 
of  temperatures.2,3  We  have  shown  that  picosecond  PA 
monitors  dispersive  diffusion-limited  transport  of  electrons 
in  the  conduction  band  tail  states  in  intrinsic  a-Si:H. 
In  the  present  work  we  observe  the  systematic  effect  of 
LIDs  on  the  short  time  relaxation  and  recombination  of 
photoexcited  carriers  in  intrinsic  a-Si:H. 

The  samples  used  in  this  work  were  deposited  in  a 
capacitively  coupled  rf  glow  discharge  system.  The 
steady  state  optical  absorption  spectra  of  the  samples 
were  measured  using  photothermal  deflection  spectroscopy 
and  transmittance  and  reflectance  spectroscopy.  VVe 
have  presented  the  details  of  the  picosecond  apparatus 
elsewhere. 4  Briefly,  a  mode  locked  argon  ion  laser 
pumped  two  synchronously  pumped  cavity  dumped  dye 
lasers  to  produce  independently  tunable  pump  and  probe 
pulses;  the  time  resolution  of  the  system  is  ~10  ps. 
Typical  carrier  densities  in  the  photoexcited  volume  were 
l-5xl017  cm'3.  We  detected  the  increase  in  absorption 
using  a  time  modulation  technique  to  eliminate  the 
thermal  background  that  is  present  with  mechanical 
chopping.4  We  positioned  the  sample  so  that  we 
eliminated  any  interference  effect,  ensuring  that  the 
observed  decay  represented  the  induced  absorption,  A  a.5 
This  step  was  critical  in  order  to  compare  quantitatively 
results  obtained  at  different  temperatures.  We  could 
reproduce  the  PA  decays  at  any  temperature  and 
intensity  regardless  of  the  sample  history. 


We  have  previously  shown  that  (1  is  an  intrinsic 
parameter,  /J=T/To,  with  no  dependence  upon  intensity.3 
This  indicates  that  the  dispersion  is  due  to  multiple 
trapping  from  an  exponential  density  of  states  with 
distribution  width  kTo.  The  To(=T//J)  is  in  excellent 
agreement  with  other  transport  measurements  (at  much 
longer  times)  of  the  width  of  the  conduction  band  tail. 
Hence,  the  exponential  density  of  states  can  be 
extrapolated  to  at  least  0.15  eV  of  the  mobility  edge. 

Unlike  /J,  r  exhibits  systematic  variations  with  excitation 
intensity.  We  have  established  a  self-consistent  approach 
to  unravelling  the  intensity  and  temperature  dependence 
of  r.  Consistent  with  the  model  of  diffusion-limited 
trapping,  ln^r  should  be  proportional  to  /J'1  ln(btNt)'1, 
implying  an  Arrhenius  T-dependence  for  r  for  £=T/To. 
(i/  is  the  escape  frequency,  Nt  is  the  density  of  trap 
states  and  bt  is  the  capture  coefficient.)  The  variation 
of  r  with  intensity  presents  a  difficulty  in  establishing 
the  functional  form  of  r(T).  We  adopt  the  following 
approach:  The  relation  between  r  and  btNt  holds  and 
we  use  this  relation  to  establish  important  aspects  of  the 
dependence  of  Nt  on  temperature  and  intensity,  i.e., 

[in)'?  =  b.N.(T,I)/bcNe,  (2) 

where  Nc  is  the  density  of  states  and  be  the  capture 
coefficient  in  the  conduction  band  tail.  We  extrapolate 
Nt(T,D0)  (=Nt(T))  to  obtain  a  neutral  trap  density. 
The  values  we  obtain  for  Nt(T)  are  in  close  agreement 
with  the  saturated  value  of  LIDs  reported  by  Jackson 
and  Stutzmann.8  We  present  independent  evidence  for 
this  association  from  low  temperature  luminescence 
quenching  and  PA  amplitude  relaxation  (at  fixed  delay) 
measurements.  Thus,  starting  with  a  very  low  defect 
density  film  of  one  can  induce  defects ,  generic  to 

the  material,  in  a  reproducible  and  controlled  way  (i.e. 
by  intensity  and  temperature).  Since  the  electronic 
relaxation  (i.e.  r'1)  scales  with  these  defects  one  can  now- 
use  the  transient  PA  as  a  sensitive  and  quantitative 
probe  of  further  dynamic  processes:  early  recombination 
and/or  a  fuller  spectral  range  of  (transient)  LIDs.  In 
other  experiments,  by  studying  Aa(t)  as  a  function  of 
probe  and  pump  wavelength,  we  will  attempt  to  locate 
the  position  of  these  defects  in  the  gap.  It  is  assumed 
that  a  large  fraction  of  Nt  is  located  near  or  in  the 
conduction  band  tail.  If  the  traps  are  deep  it  is 
difficult  to  understand  the  recombination  of  a  density  no 
of  electrons  and  holes  within  each  repetition  period. 
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Consistent,  good  quantitative  fits  to  all  the  picosecond 
PA  transients,  Aa(t),  have  been  obtained  with  a  simple 
power  law  decay, 


Aa(t)  = 


n0(tol-Ag2) 

1  .  (t/r/ 


"o4V 


(1) 


From  the  fits  we  propose  a  physical  interpretation  based 
on  the  2-state  model  from  the  pioneering  work  of 
Vardeny  et  a/.6  which  has  the  novel  feature  that  the 
transition  between  the  states  (1  +  2)  is  limited  by 
dispersive  diffusion.7  In  the  model,  no  is  the  initial 
number  of  excited  carriers;  Aji(z)  is  the  difference  in  the 
cross  section  between  the  ground  state  and  excited  state 
1(2);  r  is  the  median  trapping  time;  and  f)  is  the 
dispersion  parameter.  The  strength  of  the  interpretation 
depends  on  the  self-consistent  dependencies  of  all  the 
parameters  in  Eq.  (l)  on  changes  in  temperature, 
intensity,  repetition  rate  and  defect  density  (i.e.,  different 
samples). 
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Non-equilibrium  Optical  Phonon  Generation  and 
Detection  In  Picosecond-Photo-Excited  Germanium 
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and 


A.  Othonos  and  H.M.  van  Oriel 
Department  of  Physics 
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Toronto,  Canada  M5S  1A7 


A  50  mW  beam  of  4  psec  dye  laser  pulses  at 
675  nm  is  used  to  repetitively  generate  a  non- 
equilibrium  electron-hole  plasma  at  the  surface  ot 
intrinsic  Ge  at  77K‘ .  A  25  mW,  perpendicularly 
polarized  portion  of  the  same  beam  is  used  to 
obtain  Raman  spectra  from  the  excited  surface  for 
different  delays  between  pump  and  probe  pulses. 

The  temporal  evolution  of  the  anti-Stokes  Raman 
signals  from  the  longitudinal  optic  (10)  phonons 
(f 1001 )  oriented  surface)  and  transverse  optic 
phonons  (FllOl)  oriented  surface)  were  almost 
identical.  In  particular,  the  phonon  population 
attains  a  maximum  approximately  5  ps  following  the 
peak  of  the  excitation  pulse,  and  it  then  decays 
with  a  time  constant  of  ~8  ps.  AT  300*,  the 
maximum  occurs  ~3. 5  ps  following  the  excitation 
pulse  and  the  decay  time  decreases  to  ~4  ps. 

The  fact  that  significant  non-equilibrium 
populations  of  both  10  and  TO  phonons  are  observed 
is  qualitatively  consistent  with  the  fact  that  hot 
carriers  in  Ge  interact  via  the  deformation 
potential  with  optical  phonons,  whereas  in  GaAs, 
where  no  hot  TO  phonons  are  observed2,  the  primary 
carrier-lattice  interaction  is  the  Frohlich 
coupling  between  electrons  and  10  phonons, 
quantitatively,  it  is  not  a  priori  obvious  that 
measurable  non-equilibrium  populations  can  be 
qenerated  in  any  single  phonon  mode,  given  that  the 
deformation  potential  matrix  element  is  independent 
of  wavevector.  A  detailed  kinetic  model  Including 
carrier  generation,  diffusion,  recombination  and 
coupling  to  the  lattice  has  been  developed  to 
compare  with  the  experimental  results.  It  is  found 
that  the  kinematic  constraints  on  energy  and 
momentum  conservation  in  the  carrier-phonon 
interaction  lead  to  preferential  coupling  of  energy 
from  the  hot  carriers  through  relatively  small 
wavevector  phonon  modes.  This,  in  conjunction  with 
the  relatively  large  carrier  densities  generated  by 
the  pump  pulses  (~1  x  101*  cm-2),  quantitatively 
accounts  for  the  excess  phonon  populations 
observed  in  our  experiments. 


1  J,F.  Young,  K.  Wan  and  H.M  van  Oriel,  Sol. 
State.  Elect.,  31,  455  (1988). 

2  0.  von  der  Linde,  J.  Kuhl  and  H.  Klingenberg, 
Phys.  Rev.  Lett.  4£,  1505  (1980). 
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It  is  well  known  that  transient  heating 
of  solids  and  liquids  by  nanosecond  or  longer 
pulses  can  lead  to  bulk  and  surface  acoustic 
waves  with  the  frequency  spectrum  of  the 
acoustic  waves  generally  reflecting  the  laser 
pulse  width.  For  semiconductors  the  absorp¬ 
tion  of  above  band-gap  radiation  leads  to 
electron-hole  pair  generation  with  spatial 
profiles  determined  by  absorption  depth  and 
diffusion,  with  picosecond  laser  pulses  it 
is  possible  to  generate  very  high  carrier 
densities  <>102  0cirTJ)  and  deformation 
potential  effects  accompanying  the  carriers 
can  dominate  thermal  effects  in  establishing 
inhomogeneous  strain  fields  which  couple  to 
surface  acoustic  waves  (SAWs) . 

In  this  paper  we  will  show  how  tightly 
focussed  picosecond  laser  pulses  with 
l<Tp<100  psec,  0 . 5<  X<  1 . 06  ym  and  at  a 
repetition  rate  of  80MHZ  can  generate  and 
amplify  highly  monochromatic  SAWs  on  silicon 
and  germanium.  The  wavelength  of  the  SAWs, 
which  can  be  as  short  as  400A,  is  determined 
by  the  Fourier  content  of  the  transverse 
and  longitudinal  strain  distribution  induced 
by  the  pulses.  Amplification  of  the  SAWs 
occurs  via  spatial  modulations  of  the  real 
and  imaginary  parts  of  the  dielectric  con¬ 
stant  leading  to  preferential  feedback  for 
a  particular  Fourier  component.  The  SAWs, 
therefore,  can  have  wavelengths  and  orien¬ 
tations  which  reflect  beam  or  crystal  para¬ 
meters.  At  laser  intensities  near  the 
threshold  for  melting,  the  SAWs  are  observed 
to  be  frozen  in  along  directions  which  reflect 
crystal  direction. 

♦Permanent  address:  Max  Planck  Institute 
Fur  Quantenoptick,  GARCHING  FRG. 
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Numerous  investigations  on  the  phase  transition  of  silicon 
during  picosecond  laser  annealing  have  been  performed  in  recent 
years.  It  has  been  well  established  that  the  silicon  surface  melts 
during  a  picosecond  laser  pulse.1  Because  liquid  silicon  is  a  metal, 
the  reflectivity  increases  on  melting.  This  has  indeed  been  observed 
using  optical  pump-and-probe  techniques.1-3 

When  the  pump  fluence  is  much  larger  than  the  melting 
threshold,  the  temperature  of  the  molten  silicon  can  exceed  the 
melting  temperature.  According  to  a  Drude  model  for  the  liquid 
phase  one  then  expects  a  decrease  in  reflectivity  of  the  molten 
silicon.  A  simple  numerical  model,  using  the  one-dimensional  heat 
equation  to  describe  the  temperature  of  solid  and  liquid  silicon  as  a 
function  of  time  and  depth  in  the  silicon  sample,  predicts  that  the 
reflectivity  drop  due  to  the  heating  above  melting  temperature  occurs 
on  a  picosecond  time  scale.2  Standard  picosecond  pump-and-probe 
measurements  cannot  resolve  this  reflectivity  change  because  they 
integrate  over  the  duration  of  the  probe  pulse. 

In  our  setup,  time  resolution  is  obtained  by  directly  resolving 
the  signal  over  the  duration  of  the  probe  pulse.  Consequently  we  can 
study  the  melting  process  on  a  single-shot  basis  with  1.8-ps 
resolution.  The  frequency-doubled  output  of  a  Nd.YAG  laser,  with 
a  wavelength  of  532  nm  and  a  pulse  duration  of  30  ps,  is  split  in  the 
usual  way  into  a  pump  beam  and  a  probe  beam.  The  probe,  in  turn, 
is  split  in  four  and  recombined  to  form  a  longer  probe  pulse  of  120 
ps  duration.  This  probe  pulse  images  an  area  slightly  larger  than  the 
melting  area  on  the  entrance  slit  of  a  streak  camera  (Hamamatsu 
Photonics  C1587)  which  is  equipped  with  a  Temporal  Analyzer  unit 
(C2280).  This  system  has  a  time  resolution  of  1.8  ps.  To  enhance 
the  sensitivity  of  our  measurements,  the  probe  pulse  is  p-polarized 
and  the  probe  angle  of  incidence  is  chosen  close  to  Brewster’s 
angle.  At  this  angle  the  reflectivity  of  solid  silicon  is  small  (less  than 
10%),  leading  to  a  large  increase  in  the  reflectivity  on  melting.  In 
addition,  each  camera  trace  yields  intensity  as  a  function  of  both  time 
and  position  on  the  melting  area.  This  is  to  be  contrasted  with 
standard  pump-and-probe  experiments  which  contain  no  spatial 
information. 

Our  results  show  that  the  reflectivity  change  on  melting 
exhibits  a  complicated  behavior  as  a  function  of  laser  fluence  during 
the  first  100  ps.  For  the  high-fluence  regime,  in  which  we  are 
interested,  the  reflectivity  reaches  the  value  for  liquid  silicon  within 
the  duration  of  the  pump  pulse.  This  is  illustrated  in  figure  1,  which 
gives  an  example  of  the  reflectivity  change  in  the  high-fluence 
regime.  During  the  40  ps  that  the  reflectivity  needs  to  reach  the  value 
for  molten  silicon  (about  8  times  that  of  solid  silicon),  it  follows  the 
trend  predicted  by  numerical  simulations  of  heating  above  melting 
temperature  in  silicon,2  indicating  that  this  really  occurs  on  a 
picosecond  time  scale.  Measurements  with  longer  and  more  uniform 
probe  pulses  are  currently  in  progress. 


We  thank  Dr.  Malvezzi  for  his  help  with  the  experiment.  MB 
acknowledges  a  Fellowship  from  ihe  Netherlands  Organization  for 
Pure  Scientific  Research  (ZWO). 
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FIG.  1.  Reflectivity  of  silicon  during  melting  with  a  picosecond  la<c. 
pulse.  R o  is  the  reflectivity  of  solid  silicon.  The  lower  trace  shows  the 
intensity  of  the  pump  pulse. 
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The  technological  importance  of  semiconductor  laser  processing  has 
spawned  numerous  studies  of  single  and  multipulse  laser  damage  of 
semiconductor  surfaces  at  a  multitude  of  laser  wavelengths  and 
pulse  durations!  1].  Systematic  study  of  semiconductor  damage 
thresholds  and  morphologies  for  subpicosecond  laser  pulses, 
however,  is  completely  lacking.  This  important  regime  brings 
unique  physics  to  the  optical  damage  process-strong  absorption 
nonlinearities  near  the  melting  threshold,  the  presence  of  extremely 
high  transient  carrier  densities  (>1021cm’3),  minimal  time  for  light 
interaction  with  transient  surface  perturbations,  and  delay  of  lattice 
heating  until  after  passage  of  the  pulse-which  is  manifested  in  novel 
damage  threshold  behavior  and  damage  morphologies. 

We  have  systematically  studied  the  threshold  fluences  and  damage 
morphologies  of  unetched  industrial  quality  Si  and  GaAs  for  both  a 
single  90  fs.  pulse  (620  nm.)  and  for  a  widely  varying  number  (2  to 
10”)  of  multiple  90  fs.  pulses.  In  order  to  highlight  and  define  the 
contrast  with  longer  pulse  excitation,  we  have  repeated  the  same 
measurements  on  the  same  samples  with  25  ns.  pulses  of  nearly  the 
same  wavelength  (600  nm.).  These  comparative  pulse  trains  were 
supplied  by  a  Rhodamine  640  dye  jet  pumped  by  a  20  W.  copper 
vapor  laser  which  served  alternately  as  a  5  KHz  repetition  rate 
amplifier  for  fs.  pulses  from  a  colliding  pulse  mode -locked  source 
laser[21  or  (with  source  laser  and  saturable  absorbers  removed)  as  a 
laser  source  of  25  ns.  pulses.  For  accurate  fiuence  determination, 
this  source  offered  a  high  degree  of  shot-to-shot  stability  in  pulse 
energy  and  beam  profile.  Focal  spot  profiles  were  characterized  by 
pinhole  transmission,  and  beam  powers  were  carefully  monitored. 
Damage  morphology  was  characterized  with  a  Normarski 
microscope  and  a  scanning  electron  microscope  (SEM). 

We  now  summarize  the  major  results.  Single  shots  were  isolated 
from  the  5  KHz  pulse  trains  with  a  pair  of  synchronized  mechanical 
shutters.  For  ns.  pulses,  we  measured  a  single  shot  melting 
threshold  fiuence  Fth(1)  (as  determined  by  appearance  of  surface 
amorphization)  of  0.37  ±  .05  J/cm2  for  Si.  A  linear  absorption 
model  (a~l  =  2.0  mm.)  predicts  that  surface  temperature  rises  to 
1400°K  at  this  fiuence,  just  below  the  melting  temperature 
(1685°K).  The  slight  discrepancy  is  explained  by  thermally-induced 
band  gap  shrinkage  during  the  pulse.  For  90  fs.  pulses,  by 
contrast,  we  measured  FTh(1)=0.05  ±  -007  J/cm2.  A  linear 
absorption  model  (a-1  =  2.2  mm.)  predicts  that  the  surface  reaches 
a  temperature  of  less  than  500°K.  Clearly  nonlinear  absorption 
reduces  the  absorption  depth,  and  increases  surface  temperature 
greatly.  We  have  characterized  this  nonlinearity  by  an  independent 
measurement  of  self-reflectivity  and  transmission  of  90  fs.  pulses 
from  silicon-on-sapphire  as  a  function  of  fiuence.  The  results  are 
shown  in  Fig.  1,  which  presents  the  absorption  coefficient  of  silicon 
for  femtosecond  and  nanosecond  pulses  as  a  function  of  fiuence. 
For  femtosecond  pulses,  the  absorption  depth  is  nearly  ten  times 
smaller  at  Fth(1  )  compared  to  the  linear  absorptiion  depth  measured 
at  low  fluences.  By  contrast,  in  GaAs  the  femtosecond  single-shot 
threshold  (.075  J/cm2)  is  only  30%  lower  than  the  nanosecond 
pulse  threshold  (.11  J/cm2).  Consequently  in  GaAs,  linear 
absorption  dominates  even  in  the  femtosecond  regime.  We 
observed  no  surface  ripple  formation  for  single  90  fs.  pulses,  in 
agreement  with  models  which  require  interaction  of  the  light  with 
transient  capillary  waves  in  the  melt|3].  However,  clear  ripples  are 
seen  for  as  few  as  2  shots. 

We  have  also  characterized  the  reduction  in  damage  threshold  caused 
by  multipulse  cumulative  damage. 

Because  of  the  strong  absorption  nonlinearity  near  Fjh(1),  small 
(-50%)  reductions  in  fiuence  below  FthO)  rapidly  reduce 
maximum  surface  temperature  to  less  than  3<j0°K  for  fs.  excitation 
of  Si.  With  ns.  excitation,  by  contrast,  maximum  surface 
temperature  decreases  more  slowly  with  fiuence,  and  exceeds 


Fig.  1.  Absorption  coefficient  of  a  silicon  film  as  a 
function  of  laser  fiuence  for  90  fs.  (circles)  and  20 
ns. (squares)  pulses  at  620  nm.  wavelength. 


Fig.  2.  Multipulse  cumulative  damage  thresholds  for  fs. 
and  ns.  photoexcited  silicon,  presented  as  a  ratio 
to  single  shot  thresholds.  Note  that  the  single  shot 
threshold  for  fs.  excitation  is  7x  smaller  than  for 
ns.  excitation. 

1000°K  at  0.5  Fth(1).  From  thermal  considerations  alone, 
therefore  one  might  expect  a  higher  threshold  fiuence  for  multipulse 
damage  FthCN)  with  fs.  than  with  ns.  excitation.  Instead,  our 
measurements,  presented  in  Fig.  2  for  Si,  show  that  the  ratio 
Fth(N)/Fth(U  15  actually  smaller  for  fs.  than  for  ns.  pulses  over 
the  range  z<N<106.  A  similar  trend  is  observed  in  GaAs.  Hence 
the  pattern  of  multipulse  threshold  reduction  shows  little  dependence 
on  sample,  pulse  duration,  or  surface  temperature.  Clearly  the 
mechanism  for  multiple  fs.  pulse  damage  must  be  ascribed  partially 
to  non-thermal  causes  to  explain  the  unusually  low  thresholds'. 
Because  of  the  large  carrier  density  present  in  the  fs.  case,  a  model 
based  on  accumulation  of  charge  at  defect  clusters,  advanced 
previously  to  explain  cumulative  damage  in  semiconductors  by 
below  band  gap  radiation[4],  may  therefore  be  appropriate  for 
cumulative  damage  by  fs.  pulses,  even  at  wavelengths  above  the 
band  gap. 

This  work  was  supported  by  the  Joint  Services  Electronics 
Program  (Contract  F49620-86-C-0045)  and  by  the  Robert 
A.  Welch  Foundation. 
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The  use  of  light  to  control  and  to  generate  light 
is  most  important  in  the  fields  of  lasers  and  optical 
communication.  Self-,  induced-,  and  cross-phase 
modulation  processes1  are  responsible  for  the 
generation  and  spectral  shift  of  ultrafast 

supercontinuum.  The  supercontinum  spans  over  10,000 
cm"1  from  uv  to  IR  with  picosecond  to  femtosecond 
duration.  When  two  laser  pulses  of  different 

frequencies  propagate  simultaneously  in  matter, 
coupled  interactions  occur This  leads  to  the 
cross-phase-mo -ulation1-*  (XPM)  where  the  spectral 
bandwidth  of  both  pulses  increased.  In  this  paper,  we 
report  on  a  XPM  process  resulting  from  the  coupling  of 
the  second  order  and  the  third  order  susceptibilities 
in  ZnSe.  The  temporal  property  of  the  second  harmonic 
XPM  signal  has  been  measured  and  theoretically  fitted. 

Experimentally,  an  8-ps  2-mJ  1054-nm  laser  pulse 
was  weakly  focused  into  the  ZnSe  sample.  The  second 
harmonic  produced  in  ZnSe  samples  was  about  10-nJ. 
The  incident  laser  energy  was  controlled  by  changing 
the  neutral  density  filter.  A  reference  pulse  at 
527-nm  was  produced  in  a  KDP  crystal.  Using  a  beam 
splitter,  1054-nm  and  527-nm  pulses  were  separated 
into  two  different  paths.  The  weak  527-nm  reference 
pulse  was  used  for  calibration  and  passed  through  a 
fixed  distance  in  air  to  set  the  zero  reference  time 
for  the  streak  camera.  Only  a  1054-nm  pulse  was  used 
to  pump  the  ZnSe  samples.  The  temporal  profile  and 
the  propagation  time  of  the  pulses  which  exited  from 
the  ZnSe  and  the  reference  527-nm  pulse  were  measured 
by  a  Hamamatsu  2ps  resolution  streak  camera  system. 

Measurements  of  ZnSe  SHG-XPM  spectra2  indicated 
that  the  extent  of  the  spectral  broadening  about  the 
second  harmonic  line  at  527-nm  depended  on  the 

intensity  of  the  incident  1054-nm  laser  pulse.  When 
the  incident  laser  pulse  energy  was  2mJ,  there  was 
significant  spectral  broadening  from  500-nm  to  570-nm. 
There  was  no  significant  difference  in  the  spectral 
broadening  distribution  measured  in  the  single  and 
polycrystalline  materials. 

The  temporal  profile  and  propagation  time  of  an 
Intense  1054-nm  pump  pulse  and  induced  spectral 

broadened  pulses  propagating  through  a  22-mm  ZnSe 
polycrystalline  sample  were  measured.  It  took 
189-ps  for  a  1054-nm  pulse  passing  through  the 

crystal.  While  the  total  signal  of  SHG  and  SHG-XPM 
with  wavelength  spread  from  500-nm  to  570-nm 
indicated  a  sharp  spike  at  189-ps  and  a  long  plateau 
spanned  from  189-ps  to  249-ps.  Pulses  of  selected 
10-nm  bandwidth  from  the  SHG-XPM  signal  had  one  major 
component  emitted  at  nearly  the  same  time  as  the 

1054-nm  incident  pulse.  The  measured  group  refractive 
indices  of  ZnSe  were  ngiS27  -  3*  39  and  ngtl05H  *  2.57, 
respectively.  The  sharp’  spike  of  the  SHG-XPM  pulses 
generated  in  ZnSe  appears  to  have  nearly  the 
propagation  time  as  the  pump  1054-nm  pulse. 

A  second-harmonic  XPM  model  is  used  to  explain 
the  temporal  and  spectral  behaviors  of  the  Induced 
spectral  broadening  In  ZnSe.  The  first  order  partial 
differential  equations  for  SHG-XPM  can  be  written  as* 

3E,0/3z  ♦  1  / v ,  3E10/dt  -  i  Y  !Ei0| 1  El0  (1) 

3EJ(>/az  ♦  1  /v2  d£j0/3z  - 

1  o  E102  expL  -l(ka-2k  t)z  J  ♦  21  Y  1  E,ol 2  E20  -  o  E30  (2) 

SHG  XPM  Absorption 


Functions  El0  and  E20  are  the  electric  '‘ield  envelope 
amplitudes,  v,  and  v2  are  group  velocities,  kj  and  k2 
are  wave  vectors  for  «  and  2m  pulses,  respectively. 
Parameterr  a  is  the  absorption  coefficient  at  2 w,  a  • 
Mou»cx2/2,  x2  is  the  second  order  nonlinearity,  Y  - 
3w2MoX1/8k1,  and  x*  is  the  third  order  nonlinearity. 

The  solution  for  E20  can  be  written  as* 

Ejo  •  io  A0  expl-az  ♦  i(2YA„2)  /0Z  F2(U*nz’)  dz'J  X 

/02F2CU*nz')  exp(az')expl-Uz’4  12YA02F2(U*  r,z’)Z' 

-  2iYA02/0z  F2(U*  nz")dz" jdz’  (?) 

where  U  -  (t-z/v2)/i;  n  -  (n2-ni)/cT;  i  -  (n2p-r,,p) 

2w/c;  n,,n,  ,  n2f  and  n2P  are  the  group  and  phase 

indices  of  refraction  at  and  2m,  respectively;  A„  is 
the  initial  amplitude  of  u-pulse;  F  is  the  pulse 

envelope  function;  and  i  is  the  pulse  duration. 

A  theoretical  curve  is  plotted  in  fig.1  using  eq. 
3  and  appropriate  experimental  parameters.  The 
temporal  distribution  of  SHG-XPM  has  shown  a 
modulation  pattern.  Within  the  coherence  length  of 
the  entrance  and  exit  parts  of  the  crystal.  SHG-XPM 
signal  will  have  less  cancellation.  In  addition,  due 
to  the  linear  absorption  and  two-photon  induced 
absorption7  in  ZnSe,  the  signal  generated  at  the  front 
portion  of  the  crystal  is  reduced.  Newly  generated 
SHG-XPM  wavelengths  appear  mainly  to  be  emitted  at 
the  exit  surface  of  the  crystal.  The  cdcuated  curve 
of  SHG-XPM  is  in  good  agreement  with  the  measurement. 

This  research  is  supported  in  par*,  by  Hamamatus 
Photonics  K.K.. 
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Fig.  1.  Calculated  curve  of  the  temporal  distribution 
of  SHG-XPM  from  eq.  3.  z  -  22-mm,  i  -  6.79-ps,  a  - 
0.J  *  0.23x  1 0“"(  YA2)  cm-1  where  0. 3  is  the  linear 

absorption  coeffficnet  and  the  second  term  is  the 
induced  absorption  coefficient,  n2-n,  ■  O./o,  n2p-n,p  - 
2.697  -  2.484  _  0.21,  and  YA02  •  1  o'*  cm*1. 
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The  rapid  developments  in  the  areas  of  picosecond 
and  femtosecond  lasers  as  well  as  im  sophisticated 
fabrication  tecnnology  have  made  it  possible  to  ob¬ 
serve  ultrafaat  processes  in  aaterials/l/.  Of  parti¬ 
cular  interest  are  direct  gap  crystals  like  GaAs, 

InSb,  HgCdTe/2/. 

Here,  we  have  analyzed  the  possibility  of  occu¬ 
rrence  of  coherent  transient  effects  like  self  in¬ 
duced  transperancy(SIT)  in  the  aoove  class  of  crys¬ 
tals  under  moderate  photoexcitation  limit. 

Tne  photoinduced  electron-hole  pair  density  I  can 
be  obtained  from  tne  usual  rate  equation 

»  =  rjo<(K)'rIe/t,lo  _  *i/y  (i) 

with  T|  being  the  quantum  efficiency  of  e-h  pair  gene¬ 
ration  per  absorbed  photon  of  energy  into,  *y  is  the 
diffuoional  decay  incorporated  e-h  recombination  life 
time.  is  the  constant  excitation  intensity  for  pul¬ 
ses  with  peak  field  .  cX  (»)  is  the  transient  inten¬ 
sity  dependent  absorption  coefficient  given  by/5/ 

lX(H)  =  (1  -  Z  M/Kl0)  ,  (2) 

•Xri  and  Ip  being  tne  linear  absorption  coefficient 
and  density  of  electrons  in  tne  valence  band  at  crys¬ 
tal  ground  state,  respectively.  One  gets  tne  solutions 

as 

*  =  (.  n*0  t'i  e/fc  w)  0  - « '))  c  3 ) 

and 

.t (N)  =  *0[1  - (. I e  -a/ ^r)0  -  **K-' *-/T ’)) ]  (4 ) 

1,1  tn  7(1  +  it/is)1.  rs=- 

Equations  (5)  and  (4)  can  yield  the  steady-state 
solutions  if  one  takes 


The  crystals  are  assumed  to  possess  nondegenerate, 
isotropic  and  parabolic  band  structures  with  ground 
state  being  defined  in  terms  of  completely  filled  va¬ 
lence  band  and  empty  conduction  band.  Tne  equations 
of  motion  of  tne  probability  amplitudes  in  the  crystal 
ground  state  and  excited  pair  state  are  given  by/4/ 

aft)-  ;f (5) 

and 

b(f+>  i(^bwE0M)e^V)-irb(£.t),  (67 

respectively,  for  ^(k)  ||"2( t)  and  Ato  CSI. 
uu(--  co^-  4s  W*/2*r  )  is  tne  transition  frequency  and 
■f  is  tne  phenomenological  damping  parameter.  Follow¬ 
ing  standard  uietnod/4/,  one  finds  tne  solutions  for 
a(t)  ana  k(k, t)  yielding 


\biV  t)|  e  'P-p/rl 

where  -  f  (A  -  *  ’  ^ •  3 


and  we  take 


PV2 


Under  ideal  undamped  resonant  transitions  with  pulsed 
excitation  for  t  -  ^/p>  ,  one  finds  t)]1  s=  1  and 

^n(t)(  -  0  producing  complete  population  inversion. 

For  real  narrow-gap  semiconductors,  one  can  achieve 


it  only  approximately  under  nearly  sharp  resonant  mo¬ 
derate  phoptexcitation  such  tnat  to  ■>>  AW , \  . 


One  can  study  the  wnole  class  of  conerent  transient 
optical  effects  bjr  considering  tne  transient  polar iza- 
tlon  P  ( t )  II  <>(k,t)>  -  X  (l,t)*(t)  with  t)> 
being  obtained  from  the  relation 


(M  X>  —  2  /*■  (\)  [  b  ,t)  e  *  • 

The  effective  dielectric  function  defined  as 
Gtt)  -  e^t)  +  %(l,t)  is  fmnd  to  be 

C(t)  =c1W  +  2AlaR/^2  t 9 

-  iir'6  ]  CqJ 

where  A  =  1)c1o1t0C  IT' (1-e  );  ,  ^( t )  1.  tne  linear 

dielectric  function.  We  define  tne  effective  complex 
propagation  constant  as 

k'(t)=  k'r(t)  -  ik' (t>=  k(  €,(»)+  m.t))k 
with  lcsu)/c.  Using  De  Hoivre's  neorem,  we  get 

k'(t );=Clyi2)[€1r(tJ 4- A\Ov./p\(&^)^9}'12-  (w.) 

and 

+  A I  £,r"i  6 

+  (f>/4 o3)Sun  2.s}]  .  (<Ob) 

The  above  formulations  can  enable  one  to  study 
the  escillatory  behavior  of  the  transmittivity  ce- 
efficient  anri  optical  nutation  for  arbitrary  pulse 
shapes. 

The  phenomenon  of  SIT  can  be  investigated  by  con¬ 
sidering  the  propagation  of  a  2TT -pulse  through  the 
crystal  with  Ai^and  f  such  tnat  |£|  . 

From  (7)  ud  (8),  one  finds  tnat  during  the  first 
half  cycle^of  the  pulse  (  0 £TT ),  l^.(a(t)|  £.0 
and  0^lb(k,t)\  ^  1  witn  (10b)  yielding  k'.  tnat  app¬ 
roaches  a  finite  positive  value  from  zero.  During 
the  second  half  cycle  (  T <  /Jt  £  2  H  ),  we  find 
0£|a(t)p£  1  and  l^,|b(lx,t)|\^0  and  k^  reducing  te 
zero  at  $>t  from  being  negative  in  tne  range 

TC<gl  .  The  transient  pulse  phase  velocity  in 

the  crystal  (■=  f°Ar  )  becomes  ^ 

c[€irW+  \ 

This  gives  Vq  c  and  can  be  much  smaller  (~10_:>o) 
in  crystals  with  large  c*0 and  ^'euch  that  t<  j-'can 
be  achieved  in  tne  nanosecond  transient  regime  remem¬ 
bering  that  the  photoexcitation  should  be  moderate 
with  I£  and  Is  being  almost  of  tne  same  order.  This 
establisnes  the  occurrence  of  self  induced  transpe- 
rancy  of  a  nearly  sharp  resonant  pulse  propagating 
througn  the  semiconducting  materials  witnout  under¬ 
going  any  exchange  of  energy. 
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Metallonorphyrins  are  versatile  compounds  whose 
chemical  reactivity  can  be  varied  a  great  deal  by 
control  of  the  local  enviroment  via  chemical  substitu¬ 
tion.  We  have  studied  the  ultrafast  rebinding  of 
photodlssociated  carbon  monoxide  to  protoheme  (PH)  and 
heme  octapeptide  (HO)  In  a  low  temperature  solvent 
glass  (glycerol : water  75:25)  (1J.  The  use  of  a  glassy 
matrix  to  contain  the  heme  Insures  that  the  ligand 
rebinding  process  Is  not  controlled  by  diffusion 
through  the  solvent,  but  rather  by  more  elementary 
chemical  reaction  steps.  PH  is  a  simple  Fe-porphyrin 
which  Is  the  prosthetic  group  found  in  elementary  heme 
proteins  such  as  myoglobin.  HO,  obtained  by  enzymatic 
digestion  of  cytochrome -C,  differs  from  PH  by  the 
presence  of  a  "basket  handle"  peptide  chain  which 
provides  a  covalently  bound  histidine  residue  bound  to 
Fe  on  the  side  opposite  the  ligand. 

The  apparatus  used  for  these  studies  consisted  of 
a  dye  laser  synchronously  pumped  by  a  mode  locked 
Nd:YAG  laser.  The  =  1  ps  dye  laser  pulses  are  ampli¬ 
fied  by  a  Nd:YAC  regenerative  amplifer  [2]  to  produce 
50  (iJ,  1  ps  pulses  at  570  nm  at  a  pulse  repetition 
frequency  up  to  1000  Hz.  One  half  of  the  pulse  is 
used  to  photolyze  the  heme  sample  while  the  other  half 
produces  a  white  light  continuum  used  to  probe  the 
large  changes  in  optical  density  (0D)  in  the  Soret 
region,  400-440  nm. 

The  processes  we  study  can  be  roughly  divided 
into  three  stages  (1)  photodissociation,  (2)  heme 
relaxation,  and  (3)  ligand  rebinding-  The  initial 
ligand-heme  complex,  Fe-L  is  nearly  planar.  When  L  Is 
dissociated,  a  probably  planar  intermediate,  denoted 
Fe-  -L  is  formed.  The  Fe-  -L  relaxes  (domes)  to  form 
a  nonplanar,  relaxed  five  coordinate  heme,  denoted  Fe 
+  L  in  nonviscous  fluids.  In  the  frozen  glass,  this 
doming  process  is  somewhat  hindered.  The  Fe-L  species 
has  an  absorption  maximum,  denoted  A^,  near  410  nm. 
the  relaxed  Fe  +  L  has  a  maximum,  denoted  A^,  near 
425  nm,  and  the  lsobestic  point,  A  is  near  416  nro. 
Figure  1  shows  kinetic  decays,  which  have  the  form 
AOD.(r),  at  these  wavelengths  for  PH  and  HO  at  T  - 

loofc  UJ. 

The  A_  data  near  410  nm  reflect  mostly  the 
dissappearance  and  subsequent  reapparance  of  Fe-L. 
The  Fe-L  disappears  promptly,  and  then  reappears  in 
two  ways,  an  exponential  (r  »  30  ps)  process,  denoted 
I*.  and  a  nonexponential  process  denoted  I.  The  A 
data  near  425  nm  reflect  mostly  the  appearance  ot 
relaxed  Fe  +  L.  and  Its  subsequent  disappearance.  The 
Fe  +  L  does  not  appear  until  a  few  ps  after  Fe-L 
disappears.  This  Is  the  relaxation  rate  for  the  heme. 
Then  Fe  ♦  L  is  destroyed  by  nonexponential  process  I. 
At  AjB<  contributions  from  Fe-L  and  Fe  +•  L  cancel  ]3], 
and  only  Fe-  -L  species  are  seen.  Two  Fe-  -L  species 
are  observed,  a  short  lived  species  (r  «  2  pa),  whose 
decav  correlates  with  the  appearance  of  Fe  +  L.  and  a 
long-lived  species  (r  *  30  ps)  whose  decay  correlates 
with  process  I*. 

Our  physical  picture  of  this  system  is  as  fol¬ 
lows.  In  the  glassy  matrix,  heme  exists  in  two 
states,  I.  characterized  by  a  cage  with  enough  free 
volume  to  permit  doming,  and  *.  characterized  by  a 


cage  which  does  dot  permit  doming.  The  ’ 

rebinds  CO  with  an  enthaiplc  barrier  “hichinwolves 
the  attainment  of  a  planar  transition  state  The 
inhomogeneous  glass/heme  system  gives  rise  to  a  dis 
trlbution  of  barrier  heights,  resulting  in  nonexponen- 
t^  process  I .  The  unrelaxed  -  rebinds  CO  with  no 
enthaiplc  barrier,  rather  only  an  entropic  Wrier 
which  involves  mainly  CO  rotation  is  present:.  The 


PROTOHEME-CO  AT  100K 


HEME  OCT APEPTDE-CO  AT  100K 


When  PH  and  HO  are  compared  at  100K.  we  find  that 
doming  is  faster  in  HO  (1.5  ps)  than  in  PH  (2.5  ps) 
because  of  tension  exerted  by  the  peptide  chain.  Pro¬ 
cess  I*  Is  neatly  identical.  as  expected  for  ligand 
rebinding  to  planar  hemes  which  differ  only  In 
proximal  substltutents .  Process  I  is  much  slower  In 
HO  than  in  PH  because  the  proximal  tension  generated 
by  the  peptide  chain  makes  attainment  of  the  planar 
transition  state  more  difficult. 

♦Research  supported  by  the  National  Science  Foundation 
through  grant  NSF  DMR  87-21243 
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Previous  spectroscopic  studies  on  animal 
tissues  have  been  extended  to  humans.  Steady 
state,  excitation  spectra,  and  time-resolved 
spectroscopic  dynamics  from  normal  and  tumor 
human  tissues  have  been  studied  and  will  be 
presented . 

Fluorescence  spectra  from  normal  and  tu¬ 
mor  human  breast  and  lung  tissues  have  been 
measured.  Normal  breast  tissue  spectra  show 
three  distinct  peaks  at  around  520nm,  550nm 
and  600nm  while  the  tumor  spectra  show 
a  smoothening  of  the  profile  with  less  struc¬ 
ture.  Most  normal  breast  tissue  spectra  have 
Raman  peaks  while  the  tumor  spectra  have  none. 
In  the  lung  spectra,  the  normal  show  three 
distinct  peaks,  or  in  some  cases  two  distinct 
peaks  with  the  second  peak  missing  while  the 
tumor  has  a  smooth  profile.  The  main  peak  is 
attributed  to  flavins  while  the  third  peak 
may  be  associated  with  porphyrins.  The  tumor 
peaks  are  either  blue  or  red  shifted,  depend¬ 
ing  on  the  organ,  as  compared  to  the  normal 
tissue  main  peaks.  This  could  be  due  to  the 
accumulation  of  positive  or  negative  charge 
in  the  molecules.  The  smoothening  of  the 
tumor  profile  could  imply  a  deficiency  of 
porphyrins.  The  steady  state  measurements 
have  been  done  with  excitation  at  three  diff¬ 
erent  wavelengths:  457. 9nm,  488nm  and  514.5 
nm  and  distinct  differences  were  obtained  at 
all  three  wavelengths. 

The  time-resolved  spectra  have  been  mea¬ 
sured  at  530nm  and  350nm  excitation  to  study 
the  dynamic  behavior  of  the  molecules.  The 
measurements  obtained  using  a  Ndiglass  laser 
and  a  streak  camera  showed  two  decay  times, 
a  slow  and  a  fast  component.  The  fast  com¬ 
ponent  of  the  tumor  tissues  is  faster  than 
that  of  the  normal  tissues  while  the  long 
component  is  almost  the  same.  The  fast  com¬ 
ponent  and  the  slow  component  of  the  normal 
lung  tissue  are  220  ps  and  2650  ps ,  respec¬ 
tively  while  those  of  the  lung  tumor  tissues 
are  120  ps  and  2600  ps,  respectively.  The 
shorter  fast  component  of  the  tumor  tissues 
implies  that  there  could  be  more  nonradia- 
tive  pathways  in  the  tumor  than  in  normal 
tissues. 

The  excitation  spectra  of  tumor  and  nor¬ 
mal  tissues  measured  at  emission  wavelengths 
520nm,  550nm  and  600nm  corresponding  to  the 
three  peaks  in  the  fluorescence  spectra  of 
normal  tissues  have  been  obtained.  The  over¬ 
all  excitation  spectra  showed  broad  uv  and 
visible  bands.  The  normal  spectra  showed 
three  peaks  within  the  uv  band  while  the  tu¬ 
mor  spectra  showed  a  smooth  uv  band  as  well 
as  a  larger  visible  band.  The  uv  band  of  the 
normal  spectra  have  peaks  at  336nm,  352nm 
and  371nm. 
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Rochester,  Rochester,  NY  14642  USA  and 
Dept,  of  Medical  Biophysics,  Karolinska  Institute,  S- 
104  01  Stockholm,  Sweden 

The  dynamic  fluorescence  of  nucleic  acids  is 
determined  by  at  least  three  general  properties: 
chemical  structure  of  the  nucleic  acid,  conformation 
of  oligomeric  or  polymeric  species,  and 
environment  (temperature,  solvent,  etc.).  This 
paper  explores  some  specific  examples  of  the  effect 
of  conformation  and  chemical  structure  on  the 
decay  of  excited  nucleic  acid  bases. 

Adenine  derivatives 

The  fluorescence  decay  of  the  monomer  ribo- 
adenosine  monophosphate  (rAMP)  is  described  by  a 
time  of  10  ps  or  less  (Table  1).  The  single-stranded, 
but  base-stacked  poly  (rA),  on  the  other  hand,  has 
two  emission  components:  one  of  about  10  ps  decay 
time  and  the  other  a  red-shifted  component  of 
about  100  ps.  This  latter  component  may  be 
excimer  emission,  2-aminopurine  (2AP).  a 
modification  of  adenine  where  the  amino  group  is 
moved  from  the  base  ring  6  position  to  the  2 
position,  shows  a  10-ns  decay.  Similar  long  lifetime 
components  persist  when  2AP  is  incorporated  into 

ribo-  or  deoxyribo-oligomers.1 -2 

Thvmine  derivatives 

Deoxy  thymine  monophosphate  (dTMP)  and 
poly  (dT),  which  forms  a  non-stacked  but  ordered 
single  helix,  both  show  simple  fluorescence  decays 
of  5  ps  or  less.  No  evidence  for  excimer  formation  is 
observed. 

Y-base  derivatives  3 

Measurements  of  the  fluorescence  decays  of 
wybutine  in  tRNAP^e  show  that  much  of  the  decay 
is  described  by  a  7-ns  lifetime  in  0.1  M  KCI  and  5- 
20  mM  Mg+  +  ,  but  without  magnesium  the  largest 
amplitude  decay  times  are  about  300  ps  and  2  ns.  4 
We  have  measured  the  dependence  of  the 
fluorescence  on  the  Y-base  chemical  structure  in 
order  to  understand  the  fluorescence  behavior  in 
tRNAP^e,  as  Y-base  fluorescence  is  a  useful 
structural/dynamics  probe. 


We  observe  two  classes  of  Y-base  derivative 
fluorescence  (fig.  and  Table  1).  One  class  is 
dominated  by  subnanosecond  decay  times,  the 
other  by  decay  times  of  7  10  ns.  Rapid  fluorescence 
decays  observed  for  the  Y  base  derivatives  1  and  4 
in  DMSO  contrast  with  the  predominant  7  ns  decay 
observed  in  the  case  of  tRNAP^e  (in  water  with 
Mg  +  +  ).  Compound  15,  with  ribose  attached  to  the 
"unnatural"  5  N  '  rather  than  the  "natural"  N ' 
position  of  the  ring,  and  the  free  base  show  long 
lifetimes.  Chemical  modifications  on  the  more 
remote  ribose  ring  periphery  also  affect  the 
electronic  properties  of  the  Y  base. 
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TABLE  1.  Fluorescence  decay 
nucleic  acids  at  room 


parameters  of  some 
temperature. 


FIG.  1.  Structures  of  modified  Y  nucleosides  used  in  this 
study.  Me  =  methyl;  Ac  =  acetate. 


Compound  a 

Fluorescence 
Decay  Time  (ns) 

Amplitude 

Notes 

rAMP 

S0.010 

-1 

b.c 

Poly  (rA) 

-0.008 

b,c 

0.10 

- 

b.c.d 

2-aminopurine  10.1 

1.00 

c.e 

dTMP 

S0.005 

-1 

b.c 

Poly  (dT) 

S0.005 

-1 

b.c 

1 

0.24 

0.98 

e.f 

1.08 

0.01 

7.39 

0.01 

4 

0.53 

0.95 

e,f 

2.05 

0.04 

8.95 

0.01 

IS 

2.61 

0.04 

e.f 

10.12 

0.96 

Free  Y  base  8  7.0 

1.00 

e.f 

a  r  indicates  ribo-;  d  indicates  deoxyribo-.  Y-base 
compounds  numbered  in  conformance  with  ref.  5. 
b  Measured  by  streak-camera  techniques 
c  Measured  in  aqueous  solution  near  neutral  pH. 
d  Component  red-shifted  in  emission  wavelength 
e  Measured  by  time-resolved  single  photon  counting 
^  Measured  in  DMSO.  The  choice  of  DMSO  as  solvent  was 
made  on  the  basis  of  the  good  solubility  of  all  Y-base 
compounds. 

*  Y  base  with  CH3  at  and  and  H  at  N*. 


1  :  Rl  =  R2  =  H 
4  :  R1  =  Ac.  R2  =  H 


M* 

I 


15 
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A  method  for  obtaining  infrared  spectra 
and  kinetics  with  picosecond  time  resolution 
is  presented.  The  IR  probe  in  the  experiment 
is  the  output  of  a  tunable  cw  diode  laser.  A 
change  in  the  IR  absorbance  of  the  sample  is 
induced  by  a  pulse  of  visible  or  UV 
radiation.  The  transmitted  IR  radiation  is  sum 
frequency  mixed  with  a  second  pulse  of 
visible  radiation  in  a  non-linear  crystal  of 
lithium  iodate  to  generate  radiation  in  the 
visible  wavelength  region,  allowing  detection 
with  a  photomultiplier  tube.  Kinetics  are 
obtained  by  varying  the  time  delay  between 
the  photolyzing  and  upconverting  pulses  at  a 
fixed  IR  frequency,  while  transient  Bpectra 
may  be  obtained  at  a  fixed  time  delay  by 
scanning  the  IR  frequency.  In  addition, 
anisotropic  changes  in  the  IR  absorbance  on 
photolysis  may  be  observed  by  using  parallel 
and  perpendicular  relative  polarizations  of 
the  photolysis  and  IR  probe  beams. 

The  pulses  of  visible  radiation  are 
obtained  from  two  dye  lasers  which  are  both 
synchronously  pumped  by  the  frequency  - 
doubled  output  of  a  mode  -  locked  and  Q  - 
switched  Nd:YAG  laser.  The  pulses  are  1  - 
10  jiJ  in  energy  and  20  ps  (FWHM)  in 
duration  and  may  be  selected  from  the  dye 
lasers  at  a  repetition  rate  of  up  to  1.2  kHz. 
The  time  resolution  of  the  IR  detection  is 
attained  through  the  upconversion  process. 

This  experimental  arrangement  has  been 
used  to  study  the  photodissociation  of  CO 
from  the  carboxy-  derivatives  of  hemoglobin, 
myoglobin  and  protoheme  in  ambient 
temperature  solution.  The  observations  have 
been  made  on  the  principal  bound  CO  stretch 
bands  (  1930  -  1970  cm-1  ).  The  transient 
bleaching  spectra  of  all  the  systems  have 
been  shown  to  mirror  the  steady-state  IR 
absorption  spectra  of  the  CO-liganded  species 
and  have  also  been  observed  to  display 
pulsewidth -limited  risetimes.  This  is  in 
agreement  with  the  results  of  time-resolved 
UV/visible  absorption  studies.  The  protoheme 
system  in  high  viscosity  solvents  displayed 
recovery  of  the  bound  CO  band  on  the 
picosecond  timescale  due  to  geminate 
recombination,  while  no  such  recovery  was 
observed  in  solvents  of  low  viscosity  nor  in 
the  case  of  the  heme  proteins. 


Measurement  of  the  anisotropic  change  in 
the  IR  absorbance  upon  photodissociation  has 
allowed  the  equilibrium  iron-carbonyl 
geometries  to  be  determined  for  these 
systems.  All  exhibit  distortion  of  the  FeCO 
unit  from  the  configuration  observed  in 
X-ray  diffraction  studies  of  crystals  of  model 
porphyrins,  where  the  unit  is  observed  to  be 
linear  and  oriented  perpendicular  to  the 
heme  plane.  For  carboxyrayoglobin,  two 
distinct  configurations  were  observed 
corresponding  to  the  two  principal  bands  in 
the  IR  absorption  spectrum.  tor 
protoheme-CO,  the  degree  of  distortion  from 
a  linear  perpendicular  configuration  is  found 
to  depend  upon  the  solvent  in  which  the 
molecule  is  placed. 

The  IR  apparatus  has  also  been  used  to 
study  the  photodissociation  of  transition 
metal  carbonyl  complexes,  again  by 
observation  of  the  bound  CO  stretch  bands. 
Preliminary  results  for  such  systems  will  be 
presented. 
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Ultrafast  Electronic  and  Acoustic  Effects  in 
Conducting  Polymers 
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Salt  Lake  City,  UT  84112 

The  polarized  picosecond  pump  and  probe 
technique  with  50  fsec  resolution  has  been  used  to 
generate  and  detect  electronic  excitations  and 
propagation  of  ultrasonic  phonons  in  thin  films  of 
oriented  and  unoriented  polyacetylene  and  poly¬ 
thiophene,  with  excitation  beam  polarized  parallel 
and  perpendicular  to  the  chains  direction.  For 
excitation  parallel  to  the  chains  direction  we 
found  that  the  photoexcitations  are  instantaneously 
g  enerated  followed  by  a  power  law  decay,  which  is 
interpreted  as  fast  geminate  recombination;  only  up 
to  about  2%  of  the  intrachain  carriers  are  able  to 
escape  the  fast  recombination.  In  addition  to  intra¬ 
chain  photoexcitations,  we  found  for  excitation  per¬ 
pendicular  to  the  chains  direction  a  slow  rising 
component  interpreted  as  due  to  interchain  excitations. 
This  component  lives  much  longer  and  is  in  fact  partly 
responsible  for  the  metastable  photoexcitations  ob¬ 
served  with  other  much  slower  techniques. 

The  photoinduced  ultrasonic  vibrations  are 
generated  by  the  photoinduced  thermal  stress 
associated  with  the  heating  of  the  thin  absorption 
layer  by  the  pump  pulse.  The  induced  stress  in  turn 
launches  a  strain  wave  into  the  film  which  bounces 
back  and  forth  inside  the  film  with  diminishing  amp¬ 
litude.  We  have  used  this  phenomenon  to  measure  the 
sound  velocity  and  ultrasonic  attenuation  for  phonons 
in  the  frequency  range  of  5  to  200  GHz  in  trans  and 
Ij-rich  polyacetylene  and  polythiophene.  Among  our 
results  we  have  found  a  superlinear  acoustic  phonon 
dispersion  relation  for  frequencies  in  the  range  of 
5  to  50  GHz. 
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7>tf  os-poly  acetylene  is  a  quasi-one-dimensional  organic 
semiconductor  with  a  conjugated  structure  consisting  of 
alternating  single  and  double  bonds  between  carbons  on  the 
chains.  Replacing  single  bonds  with  double  bonds  and  vice- 
versa  leaves  a  degenerate  ground  state  "phase"  of  the  material. 
In  this  context,  solitons  are  essentially  domain  walls  between 
the  different  ground  states  (bond  alternation  phases)  of  the 
material  which  coexist  on  a  single  chain.  Since  the  energies  of 
each  phase  are  equal,  the  domain  walls  are  free  to  propagate 
along  the  chains.  Mobile  charged  solitons  have  been  found  to 
be  important  in  the  doping  and  light  induced  conductivity  of 
trans- poly  acetylene. 

The  mid-bandgap  photoinduced  absorption  in  trans- 
polyacetylene  is  characteristic  of  these  photogenerated  charged 
domain  walls.1  We  report  subpicosecond  resolution 
measurements  of  the  photoinduced  midgap  absorption  dynamics 
in  oriented  Durham  polyacetylene  where  it  is  possible  to  effect 
a  better  separation  between  intrachain  and  interchain  excitation. 
Pumping  with  above  gap  radiation  (2  eV)  having  polarization 
parallel  to  the  chain  direction  leads  to  intrachain  excitation. 
We  observe  direct  formation  of  charged  soliton  pairs  as 
predicted  by  Su  &  Schrieffer.2  The  solitons  are  formed  with 
high  quantum  yield  and  recombine  rapidly  (0.5-1  ps).  The 
intensity  dependence  of  the  photoinduced  absorption  indicates 
that  saturation  is  due  to  filling  the  entire  excited  volume  with 
charged  solitons.  Saturation  of  the  midgap  absorption 
coincides  with  saturation  of  the  interband  bleaching.  Volume 
(or  phase  space)  filling  therefore  quantitatively  explains  the 
origin  of  the  third-order  nonlinear  optical  susceptibility.3 

A  red  shift  in  the  soliton  spectrum  at  zero  decay  is  observed 
and  can  be  associated  with  the  soliton  absorption  before  they 
have  reached  equilibrium.  The  formation  and  equilibration  of 
the  solitons  occurs  in  less  than  our  0.5  ps  instrumental 
resolution,  consistent  with  the  Su-Schrieffer  predictions. 

Pumping  with  polarization  perpendicular  to  the  chain  direction 
also  generates  principally  Su-Schrieffer  soliton  pairs. 
Importantly,  however,  interchain  excitation  also  occurs  and 
indirectly  produces  a  second  set  of  charged  solitons.  Polarons 
are  created  which  diffuse  until  captured  by  neutral  solitons 
originally  in  the  material.  The  resulting  charged  solitons  have 
a  "long"  lifetime  and  differ  in  their  behavior  with  temperature 
and  density.  We  will  discuss  the  implications  of  their 
formation  and  decay  dynamics  for  recent  photoconductivity  and 
millisecond  transient  absorption  measurements  in  trans- 
polyacetylene. 
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The  spectral  dependence  of  the  third  order  optical 
susceptibility  (x*3*)  of  franj-ZCH),  has  been  determined 
using  a  tunable  infrared  free  electron  laser.  In  addition  to 
the  previously  reported^  two-photon  resonance 
enhancement  at  0.9  eV,  we  have  observed  a  much 
stronger  resonance  enhancement  at  0.59  eV  (2.1  p.m). 
The  peak  in  x(3)  at  0.59  eV  i*  attributed  to  a  three- 
photon  resonance  at  1/3  of  Eg,  the  band  gap.  The  three- 
photon  resonance  enhancement  is  sharp  (~0.1  eV  wide) 
and  the  magnitude  of  x^  at  it*  peak  is  in  excess  of  10~8 
esu.  This  is  the  largest  value  of  electronic  x^  >n  a  bulk 
semiconductor.  In  addition,  we  note  that  the  position  of 
the  three-photon  resonance  is  at  2/3  the  energy  of  the 
two-photon  resonance. ^  Therefore,  the  state  responsible 
for  the  parity  conserving  two-photon  transition  lies  at  the 
band-edge.  In  contrast  to  the  case  of  isolated  polyene 
molecules,^  in  polyacetylene  the  first  covalent  and  the 
first  ionic  excited  states  appear  to  lie  close  to  each  other 
in  polyacetylene.  This  work  emphasizes  the  importance 
of  an  infrared  free  electron  laser  for  high-resolution 
spectroscopy  and  is  the  first  report  of  its  use  in 
condensed  matter. 

•  Permanent  Address:  CEA-IRDA,  Saclay,  91191  France. 
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Conjugated  polymers  which  posess  a  large  ^  3  have  been 
Investigated  extensively  due  to  their  potential  application  to  optical 
signal  processing  as  well  as  their  ultrafast  relaxation  processes.  In 
addition,  the  polydiacetylenes,  due  to  their  well  Isolated  polymer 
backbones  and  macroscopic  crystalline  structure,  have  been  used 
as  model  one-dimensional  semiconductor  systems  The  electronic 
spectroscopy  of  one  polydiacetylene,  poly-(2.4-hexadiyn-1.6-dlol- 
bia(p-toluene  sulfonate)]  -  PTS,  Is  accounted  for  largely  by  exci- 
tonlc  features,  with  a  singlet  exclton  absorption  near  2  eV  and  a 
long-lived  (~50m.s)  triplet  exciton  induced  absorption  at  1.4  eV.  The 
majority  of  recent  time-resolved  Investigations  of  PTS  have  been 
concerned  with  the  ultrafast  relaxation  processes  of  the  singlet 
exciton. 

In  this  work  we  report  our  picosecond  pump-probe  transmission 
spectroscopic  results  on  PTS.  We  have  examined  the  spectros¬ 
copy  of  the  singlet  exciton  absorption  band  and  have  determined 
that  it  Is  somewhat  narrower  than  reported  previously.  We  have 
observed  an  energy  dependent  sign  change  in  the  singlet  exciton 
transient  bleaching  signal,  indicating  that  the  proposed  phase- 
space  filling  model  does  not  explain  completely  the  spectroscopy  of 
the  singlet  exciton*1!.  In  addition  to  the  aforementioned  results,  we 
have  discovered  a  new  metastable  state  In  PTS,  whose  origin  lies 
-65  meV  above  the  singlet  exciton  absorption  maximum. 

In  several  previous  Investigations  hloh  peak  power  light  pulses 
were  used,  with  intensities  of  108  -  1CT  W/cm2  incident  on  the 
sample.  Such  Intensities  correspond  to  —1  photon  per  PTS  unit 
cell.  Ix>  this  irwestlgatlon,  we  use  peak  light  Intensities  on  the  order 
of  10  W/cm  ,  providing  excitation  of  approximately  1%  of  the 
sample.  Picosecond  pump-probe  transmission  spectroscopy  is 
used  for  this  Investigation*2'.  Tha  cross  correlation  of  thla  system, 
which  determines  its  temporal  resolution,  Is  10  ps,  with  a  spectral 
resolution  of  ~2.7  cm*  .  Tha  triple  modulation  detection  system  is 
capabfe  of  shot  noise  limited  sensitivity  and  the  signals  detected 
here  are  on  the  order  of  AT/T- 10  . 

We  have  performed  two  classes  of  experiments:  1)  those  In 
which  the  probe  energy  Is  varied  for  a  fixed  pump  energy  and  2) 
those  In  which  the  pump  energy  Is  varied  while  holding  the  probe 
energy  constant.  Results  from  the  first  class  of  experiments  are 
presented  In  Fig.  la.  where  the  pump  energy  Is  fixed  at  2.120  eV 
and  tha  probe  energy  is  varied.  From  the  decay  of  the  signal,  two 
separate  signal  components  were  Identified.  The  fast  component 
follows  tha  laser  cross  correlation,  while  the  slow  component  Is 
measured  as  130±  10  ps  at  300*K.  The  energy  signatures  of  the 
two  signal  components  are  shown  In  Fig.  lb.  The  fast  response  Is 
determined  by  the  relaxation  processes  of  the  singlet  exciton.  The 
positive  AT/T  signal  for  probe  energies  >  1.98  eV  Is  due  to  bleach- 
Ing  of  the  singlet  exciton.  it  is  not  clear  whether  this  bleaching  is 
due  to  depletion  of  the  ground  state  or  to  a  reduction  in  oscillator 
strength  associated  with  phase  space  filling.*1!  The  negative  AT/T 
signal  for  probe  energy  <  1.96  eV  is  not  predicted  by  the  phase 
space  filling  model  and  Is  due  to  excited  state  absorption  from  the 
singlet  exciton  to  the  continuum.  This  energy  dependent  sign 
change  in  the  fast  response  demonstrates  that  the  phase  space  fil¬ 
ling  model  does  not  explain  completely  the  spectroscopy  of  PTS  in 
the  small  signal  limit. 

Data  from  the  second  class  of  experiments  are  presented  In 
Figs.  2.  Two  different  fixed  probe  energies  were  chosen  to  deter¬ 
mine  tha  pump  energy  dependence  of  both  the  fast  and  alow  relax- 
ation  processes  shown  in  Fig.  1.  Tha  spectrum  in  Fig.  2a  was 
taken  at  tha  fixed  probe  energy  of  1.908  eV,  where  there  Is  no  con¬ 
tribution  from  the  How  signal.  In  this  experiment  tha  pump  was 
varied  over  tha  singlet  exciton  absorption  band.  Tha  probe  monitors 
excited  state  abeorptlon,  producing  an  excitation  spectrum  of  tha 
PT8  singlet  exciton.  This  spectrum  reveale  a  feature  width  nar¬ 


rower  than  reported  earlier.131  We  attribute  this  difference  to  the 
difference  In  spectral  resolution  of  the  two  different  spectrometers 
used.  The  data  In  Pig.  2b  represent  the  pump  energy  dependence 
of  the  slow  elgnai.  The  probe  waa  fixed  at  1.970  eV  and  the  pump 
varied  between  2.120  eV  and  2.033  eV.  Note  the  presence  of  the 
fast  signal  component  in  all  of  the  traces.  The  slow  signal 
decreases  with  decreasing  pump  energy  and  vanishes  by  2.033 
eV,  —55  meV  above  the  singlet  exciton  absorption  maximum. 

The  slow  signal  energy  signature  shown  in  Fig.  1b  Is  centered 
on  the  singlet  exciton  feature  presented  In  Fig.  2a.  The  shape  of 
this  slow  response  Is  characteristic  of  a  free-carrier  plasma-induced 
bleaching  and  broadening  phenomenon,*4*  known  to  occur  for  low 
exciton  populations  in  2-D  semiconductors.*51  In  order  to  better 
understand  this  slow  response,  we  present  the  time  dependonce  of 
both  the  slow  and  fast  signals  at  26.5*K  and  300°K.  The  fast  sig¬ 
nal  follows  the  laser  cross  correlation  at  both  temperatures.  The 
character  of  the  slow  response  changes,  however,  with  the  change 
in  temperature.  It  is  clear  from  the  time  delayed  build-up  shown  in 
the  low  temperature  data  that  the  fast  and  slow  signals  are  not  due 
to  two  different  time  constants  in  a  single  decay  process.  These 
data  suggest  a  delayed  repopulation  of  the  singlet  exciton  It  can 
be  concluded  that  the  storage  of  energy  observed  here  Involves  a 
relaxation  process  with  more  than  one  step. 

We  have  presented  a  study  of  the  polydiacetylene  PTS  m  the 
small  spectroscopic  signal  limit.  Our  data  reveal  a  sign  change  in 
the  energy  dependent  response  of  the  singlet  exciton,  indicating 
that  in  the  small  signal  regime,  more  than  one  spectroscopic  pro¬ 
cess  contributes  to  the  observed  fast  signal.  We  also  report  our 
discovery  of  a  metastable  energy  state  in  PTS.  The  energy  stored 
In  thla  metastable  state  repopulates  the  singlet  exciton  with  a  time 
constant  of  130±  10  ps  at  300°K  and  3.95±0.45  ns  at  26.5'K.  The 
energy  level  through  which  this  repopulatlon  occurs  lies  above 
2.033  eV. 
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Figure  1.  (a)  Fast  and  slow  signal  components  for  pumping  at 
2.120  eV  and  varying  the  probe  between  2.049  eV  and  1.953  eV. 
(b)  Energy  dependence  of  fast  and  stow  signal  components. 
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Figure  3.  Fast  and  siow  responses  at  two  temperatures,  (a)  t  . 

*  3.95±0.45  ns.  Note  the  rise  In  signal  intensity  after  zero  delay 
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Figure  2.  (a)  Excitation  spectrum  of  PTS  singlet  exciton  absorption, 
(b)  Pump  energy  dependence  of  the  fast  and  slow  signal  com¬ 
ponents  for  a  fixed  probe  energy  of  1.978  eV. 
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In  this  work,  we  have  built  an  apparatus  for  ultra- 
fast  microscopy,  and  have  applied  this  technique  to  the 
problem  of  optical  damage  dynamics  in  a  transparent 
polymer.  A  video  camera,  video  frame  '‘grabber"  and  a 
computer  are  used  in  our  experiments  instead  of  a 
single  photodetector  as  in  a  conventional  ultrafast 
spectroscopic  experiment.  This  technique  is  quite 
similar  in  concept  to  the  ultrafast  imaging  technique 
used  by  Downer,  Fork  and  Shank  [1]  to  study  ultrafast 
melting  of  silicon,  except  that  we  use  computer  digi¬ 
tized  images  rather  than  film. 

These  experiments  were  performed  with  a  home-built 
laser  system  which  has  been  previously  described  [2] . 
PMMA  (polymethyl  methacrylate)  is  damaged  with  a 
tightly  focused  80  ps  laser  pulse  and  the  damage  pro¬ 
cess  is  imaged  with  a  delayed  probe  pulse  which  is 
counterpropagat ing  with  a  different  polarization.  A 
three  dimensional  plot  of  an  image  is  shown  in  Fig.  ! , 
which  is  acquired  in  air  at  the  delay  time  of  8  ns. 

The  dark  area  of  the  image  is  plotted  as  a  valley  in 
the  figure.  The  outer  ring  of  Fig.  1  propagates  out¬ 
ward  from  the  damage  core  at  a  high  velocity,  which  in 
its  initial  stages  is  as  much  as  twenty  times  as  fast 
as  the  velocity  of  sound  in  air.  This  ring  is  not 
observed  in  vacuum,  so  it  is  surely  due  to  a  shock 
wave  in  the  air  above  the  damage  region,  The  inner 
circle,  which  is  observed  both  in  vacuum  and  in  air 
as  a  ring  pattern  in  the  raagnitifed  images  acquired 
at  longer  delay  time,  propagates  away  from  the  core  at 
a  velocity  of  sound  in  PMMA. 

The  absorption  ratio  change  of  the  permanent 
damage  area  is  analyzed  with  the  images  acquired  at 
the  very  beginning  of  the  damage  pulse.  The  qualita¬ 
tive  picture  of  the  damage  process  which  arises  from 
the  absorption  change  analysis  is  that  severe  damage 
is  produced  in  the  leading  edge  of  a  powerful  laser 
pulse,  but  near  the  trailing  edge  with  lets  power 
pulse , 
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Figure  1.  Dynamic  image  obtained  from  optical  damage 
of  PMMA  in  air  at  the  delay  time  of  8  ns. 
Core  formation  is  accompanied  by  formation 
and  propagation  of  a  hypersonic  shock  wave 
in  the  air  (outer  ring  structure). 
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Lithium  niobate  (LiNbO  )  has  been  extensively 
used  for  integrated  optic  devices  because  of  its  good 
electrooptic  and  acoustooptic  properties  and  the  abil¬ 
ity  to  form  low-loss  optical  waveguiding  circuits  on 
its  surface.  During  the  last  fifteen  years,  a  wide 
range  of  functional  integrated  optical  devices  have 
been  demonstrated  using  LiNbO^  for  various  applica¬ 
tions  including  comounicat ions ,  sensing,  instrumenta¬ 
tion,  and  signal  processing. 

The  material  was  first  synthesized  in  crystal 
form  at  Bell  Laboratories.  Crystals  are  grown  by  the 
Czochralski  pulling  technique.  It  has  a  trigonal 
crystal  structure  characterized  by  large  electrooptic, 
piezoelectric,  pyroelectric,  and  photoelastic  coeffi¬ 
cients.  This  has  been  used  to  advantage  in  such 
applications  as  acoustic  wave  devices  (transducers, 
delay  lines,  filters,  etc-),  optical  devices  (modula¬ 
tors,  switches,  second  harmonic  generators,  Q 
switches,  beam  deflectors,  etc.),  as  well  as  signal 
processing  devices  (holographic  elements,  memory 
elements,  etc.). 


A  LiNbO^  crystal  exhibits  three-fold  symmetry 
about  the  c-axis.  Additionally,  it  exhibits  symmetry 
about  three  planes  that  are  60*  apart  which  intersect 
forming  a  three-fold  rotation  axis.  Therefore,  LiNpO^ 
is  classified  as  a  3m  point  group  below  1200*C.l  The 
prevalent  coordinate  system  used  to  describe  the 
tensor  properties  is  neither  hexagonal  nor  rhombo- 
hedral  but  rather  cartesian  (x,y,z).  The  z-axis  is 
chosen  to  coincide  parallel  to  the  c-axis,  and  the 
x-axis  is  chosen  to  coincide  with  an  equivalent 
hexagonal  axis  aw.  The  y-axis  lies  in  the  plane  of 
mirror  symmetry  so  as  to  make  the  system  right  handed. 
The  material  is  commercially  supplied  in  three  sub¬ 
strate  forms  designated  as  z-cut,  x-cut,  or  y-cut  such 
that  the  z,  x,  or  y  axeB  are  normal  to  the  surface  of 
the  substrate. 

LiNbO^  is  anisotropic  and  due  to  crystal  symmetry 
about  the  c-axis,  the  permittivity  is  the  same  for 
fields  in  a  plane  perpendicular  to  the  c-axis.  The 


relative  permittivities  e^j  are  j  ■  £22*  ^3- 
value  of  these  parameters  pertinent  to  device 
spec i f icat ions  such  as  capacitance  depends  on 
frequency . 
resonance , 
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78, 


At  frequencies  well  above  the  mechanical 
strain  free  values  (cf ^  )  are  used.  At  very 
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low  frequencies,  stress  free  values  j )  are  used. 
The  measured  values  under  these  conditions  are:  1  e 
4  3,  eS..  * 


e^3»32,  *  43,  £^3*28.  The  material 

also  birefringent  with  extraordinary  and  ordinary 
indices  nft  *  2.2  and  nQ  M  2.286  at  0,633  (<n  wave¬ 
length . 

The  linear  electrooptic  effect  is  one  of  the 
material's  most  important  properties  for  integrated 
optic  applications.  This  effect  refers  to  a  change  in 


the  refractive  index  upon  the  application  of  an  elec¬ 
tric  field.  The  linear  electrooptic  coefficients  in 
LiNbO  are  represented  by  the  following  matrix  ele¬ 


ments  after  tensor  reduction:  2  r 
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The  values  of  these  coefficients 


23’  13 

other  rjj* 

depend  on  the  mechanical  conditions  of  the  material 
under  measurement.  For  most  integrated  optic  applica¬ 
tions  (high  frequency  operation),  strain  free  condi¬ 
tions  apply  in  which  case 
values;  r j3  *  8.6,  r|3  *  30^8,  t51 
3.4  pum/v.  Under  static  electric  field  conditions, 
the  stress  free  values  of  r J  •  account  for  the  strain 
induced  by  the  dc  field  caused  by  elastic  effects  (r^j 
*  rij  +  **ik  ^ijk)  w^ere  P  and  d  are  photoelastic  and 
piezoelectric  coefficients.  The  constant  stress 
values  of  r?j  are  r*3  *  10,  r33  -  -T 


have  the  following 
S  -  28,  and  r|?  > 


32.2, 


51 


*  32,  and 


*■  22  _  pyv/ra.  The  refractive  index  change  (An) 

observed  along  the  principle  axis  of  LiNbO 3  are 
obtained  from  the  equation  of  indicatrix.  After 
tensor  and  matrix  manipulation  An^  is  given  by: 


The  diagonal  elements  in  the  [rE]  matrix  yield  a 
modulation  in  the  wavevector  and  therefore  phase  of 
the  optical  wave.  The  off-diagonal  elements  induce 
polarization  modulation  between  Che  orthogonal 
components  of  the  light  wave.  These  two  effects  are 
very  important  for  device  operation  and  constitute  the 
cornerstone  of  integrated  optic  device  design  and 
operation.  The  most  efficient  element  of  the  index 
modulation  matrix  is  r33  E2  since  r33  is  the  largest 
coefficient.  Other  physical  effects  in  LiNb03  such  as 
pyroelectric,  piezoelectric,  photoelastic,  and 
photorefractive  effects  will  not  be  covered  in  this 
paper.  Reference  3  provides  a  good  review  of  these 
effects . 

Optical  waveguides  in  LiNb03  can  be  fabricated  by 
several  methods  in  which  a  modification  is  induced  to 
yield  a  region  of  increased  refractive  index  in  which 
light  can  be  guided. 4  These  methods  include  Li  ^0  out- 
diffusion,  metal  indiffusion,  proton-exchange,  and  ion 
implantation.  Of  these  methods,  the  indiffusion  and 
proton-exchange  are  the  most  efficient.  Ti-indiffu- 
sion,  the  most  widely  used  technique,  is  usually 
carried  out  by  diffusing  Ti  (300-700  A)  thick  at  about 
1000*C  for  4-7  hrs.  Waveguiding  is  achieved  along 
and  ng  with  typical  loss  of  0. 5-1.0  dB/cra.  Ti-dif fu¬ 
sion  yield  guiding  layers  about  2-3  im  thick,  and  when 
patterned  in  two  dimensional  channels  (4-6  un  wide) 
yield  a  numerical  aperture  of  about  0.07-0.1  which 
correspond  to  an  index  increase  of  a  few  10"3.  While 
Ti-diffuaed  LiNb03  has  been  the  workhorse  for  inte¬ 
grated  optic  devices,  recent  requirements  for  special 
device  operation  led  to  the  development  of  the  proton- 
exchange  method. 5  Following  this  technique,  H4  pro¬ 
tons  are  exchanged  for  Li4-  ions  at  low  temperature 
(200-249*0).  A  high  index  increase  (~  0.12)  is  real¬ 
ized  in  only  while  a  reduction  in  n  .  The  laver  of 
e  1  o 

high  index  is  very  thin,  typically  <  0.b-l  un,  which 
is  not  practical  for  single-mode  operation  since  it 
doesn't  match  well  with  the  numerical  aoerture  and 
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size  of  commercial  single-mode  fibers.  Therefore, 
annealing  is  carried  out  at  300-350*C  for  few  hours  to 
relax  the  net  index  increase  and  to  increase  the 
guiding  layer  depth. 6  Such  waveguides  are  highly 
polarizing  (50-60  dB  extinction),  low  loss  (0.3-0. 5 
dB/cra)  and  compatible  with  single-mode  fibers  making 
them  very  useful  for  special  applications  which 
require  minimum  polarization  cross-talk.6 

The  linear  electrooptic  effect  has  been  u9ed  to 
effect  intensity  modulation,  phase  modulation,  fre¬ 
quency  modulation,  polarization  modulation,  switching, 
beam  deflection  and  steering,  etc.  References  4,  7, 
and  8  provide  a  good  review  and  sufficient  examples  of 
various  integrated  optical  devices,  their  principles 
and  op°ration.  Figure  1  illustrates  three  typical 
examples  of  integrated  optical  devices:  (a)  phase 
modulator,  (b)  directional  coupler  switch,  and  (c) 
Mach-Zehnder  interferometer.  Electrooptic  interaction 
in  these  devices  is  achieved  by  delineating  electrodes 
on  the  waveguide  circuit  through  which  the  electric 
field  (E)  overlaping  the  waveguide  induces  a  change  in 
the  effective  index  of  the  guided  mode  (fin)  and  there¬ 
fore  its  wavevector  (46)-  Figure  la  shows  a  phase 
modulator  with  two  sets  of  electrodes  illustrating  a 
method  of  realizing  phase  modulation  to  the  two 
orthogonal  polarizations  in  the  waveguide.  Figure  lb 
shows  a  directional  coupler  switch  with  two  sets  of 
reversed  polarity  electrodes.  In  the  passive  mode, 
optical  power  is  coupled  back  and  forth  between  the 
two  identical  single-mode  waveguides  at  an  interval 
known  as  the  coupling  length.  By  applying  voltage, 
the  wavevectors  in  the  waveguides  are  changed  with 
respect  to  each  other  thus  modifying  the  coupling 
properties.  Switching  th'  optical  power  to  each  of 
the  two  outputs  or  modulating  the  output  intensity  is 
achieved  by  applying  proper  dc  bias  and  modulating 
voltage  across  the  electrodes.  Figure  1c  shows  an 
interferometric  device  known  as  the  Mach-Zehnder 
interferometer.  The  single-mode  waveguide  circuit 
consists  of  an  input  branch  which  splits  into  two  and 
then  combine  at  the  output.  Electrodes  are  placed 
along  the  two  waveguides  within  the  interfering 
region  to  provide  means  of  modulating  Che  phase  in 
each  arm.  Through  the  electrooptic  effect,  the  phase 
difference  (or  path  length)  between  the  two  branches 
is  changed  which  results  in  an  intensity  modulation  at 
the  output  branch.  When  the  two  field  components 
arrive  at  the  output  junction  in  phase,  they  add  up 
setting  a  maximum  intensity.  When  they  arrive  180* 
out  of  phase,  they  cancel,  thus  setting  a  minimum. 
Therefore,  the  output  intensity  can  be  modulated 
between  maximum  and  minimum  by  modulating  the  phase 
difference  between  the  two  branches.  The  examples 
given  in  Figure  1  represent  a  class  of  devices 
characterized  by  lumped  circuit  electrodes.  The  speed 
of  such  devices  is  limited  by  the  electrical  transit 
time  which  is  determined  by  the  electrode  capacitance 
and  the  terminating  resistance.  Typically,  the 
capacitance  in  such  devices  is  on  the  order  of  a  few 
picofarads,  which  permit  operation  up  to  a  few  GHz  for 
50  fl  systems.  The  speed  of  such  devices  can  be 
increased  by  operating  the  electrodes  as  RF 
transmission  lines  in  which  the  microwave  and  optical 
waves  travel  at  comparable  speeds.  Thus  removing  the 
limitation  of  electronic  transit  time.  Bandwidths  of 
up  to  18  GHz  have  been  realized  by  the  use  of  such 
travelling  wave  electrode  designs. 


The  LiNbOj  integrated  optic  technology  has  at 
present  reached  a  good  level  of  maturity  and  commer¬ 
cial  production  is  being  pursued  by  a  few  companies. 

A  certain  degree  of  engineering  as  related  to  applies 
tion  pertinent  issues  is  under  continued  investiga¬ 
tion.  Such  issues  include  reliability,  packaging, 
cost,  environmental  s jrvivabil i ty ,  etc.  Areas  of 
application  such  as  fiber  optic  rotation  sensors, 
instrumentation,  optical  communication,  and  signal 
processing  are  evolving  to  take  advantage  of  the 
useful  features  of  integrated  optical  devices. 
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(a)  PHASE  MODULATOR 


(b)  DIRECTIONAL  COUPLER  SWITCH/MODULATOR 


(c)  MACH-ZEHNDFR  INTERFEROMETER 


Figure  1.  Typical  examples  of  UNb03  integrated 
optical  devices. 
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ALTERNATIVE  MATERIALS  AND  PROCESSES  FOR  INTEGRATED 
OPTICS 

M.N.  Kozicki,  Y.  Khawaja,  J.L.  Edwards,  B.  Qurashi, 

G.  Bernstei:.  and  A.E.  Owen 

Center  for  Solid  State  Electronics  Research 
Arizona  State  University 
Tempe,  AZ  85287-6206 

Introduction 

The  goal  of  much  of  the  current  research  in  integrated 
optics  is  to  fully  integrate  optical  processing 
elements  into  monolithic  systems.  One  of  the  main 
problems  with  this  concept  is  the  difficulty  in 
fabricating  vertical  vailed  rectangular  optical 
waveguides  and  other  elements  such  as  small  geometry 
diffraction  gratings.  It  is  true  that  the  fabrication 
technology  used  for  the  production  of  integrated 
circuits  is  mature,  but  this  technology  may  not  always 
be  totally  applicable  to  the  fabrication  of  optical 
structures.  Much  of  the  problem  lies  with  the 
materials  themselves.  A  considerable  amount  of  work 
is  being  performed  with  gallium  arsenide  (GaAs) 
substrates  due  to  the  desirable  optical  properties  of 
this  material.  However,  GaAs  is  a  difficult  material 
to  process.  For  instance,  the  formation  of  deep 
(typically  >1  micron)  vertical  trenches  in  GaAs  to 
produce  waveguides  in  close  proximity  is  possible,  but 
it  is  not  a  trivial  task.  There  is  consequently  a 
driving  force  for  the  development  of  alternative 
materials  and  processes  for  integrated  cptics.  This 
paper  describes  the  initial  results  of  a  program 
concerning  the  potential  uses  of  As-S  systems  in 
integrated  optics- 


The  As-S/Ag  System 


There  has  beer,  a  great  deal  of  interest  in  As-S/Ag 
systems  (1)  in  recent  times  as  they  show  considerable 
promise  as  dry  deposit/dry  develop  resist  materials. 
They  have  a  number  of  desirable  properties  which  make 
them  attractive  for  this  application,  properties  which 
also  make  them  attractive  for  integrated  optics.  (a) 
The  materials  may  readily  be  deposited  by  vacuum 
coating  techniques,  e.g.  evaporation  or  sputtering,  to 
produce  thin  uniform  layers,  (b)  A  layer  of  silver  is 
pie-  or  post-deposited  and  this  acts  as  a 
"photodopant",  i.e.  it  diffuses  into  the  As-S  on 
exposure  by  light  or  electron-beam.  In  the  As-S/Ag 
system,  the  diffusion  of  the  silver  essentially  only 
takes  place  where  the  illumination  occurs  and  hence 
there  is  a  very  sharp  transition  from  photodoped  to 
unphotodoped  material  and  the  doped  region  has  a  near 
vertical  "sidewall".  (c)  The  system  may  be 
composi t ionally  optimized  to  attain  the  highest 
possible  resolution.  Previous  work  tended  to  use 
As^S^  because  of  its  commercial  availability. 

However,  A^S-j  produce  a  phase  seperated 

photodoped  materi. .1  which  appears  grainy  and  hence  is 
not  suitable  for  ultra-high  resolution  pattern 
definition.  The  optimum  chalcogenide  composition  is 
actually  As^S^.  When  photodoped  with  silver,  the 

ternary  compound  formed  is  extremely  homogeneous  and 
hence  can  be  utilized  in  high  resolution  applications. 
A  phase  diagram  of  the  system  is  shown  in  Fig.  1.  (d) 
The  resulting  photodoped  compound  is  resistant  to 
etching  in  a  vide  range  of  chemicals,  including 
aqueous  alkalai ,  and  also  will  not  be  significantly 
attacked  by  a  CF^  plasma.  This  is  in  contrast  to  the 

unphotodoped  chalcogen ides  which  will  etch  rapidly 
under  these  circumstances.  Therefore,  producing  an 
image  in  these  materials  is  relatively  simple.  In 
addition  to  these  properties.  spectrophotometer 
measurements  on  thin  films  show  that  the  reflectivity 


is  extremely  high  for  infra-red  wavelengths,  with  a 
sharp  transition  between  the  optical  and  infra-red 
regions  at  1.1  microns  (Fig.  2).  This  suggests  that 
they  would  be  good  guide/diffraction  grating  materials 
at  these  wavelengths.  The  unphotodoped  materials  have 
a  refractive  index,  as  measured  by  ellipsometer,  of 
approximately  2.8  whereas  the  photodoped  materials 
have  a  refractive  index  in  the  region  of  3,0. 

The  above  properties  will  allow  the  formation  of  three 
types  of  structure  in  these  materials;  (1)  a  "3- 
dimensional"  rectangular  cross-section  guide  produced 
by  exposure  and  subsequent  etching  to  remove  the 
unphotodoped  material,  (2)  a  planar  waeguide 
structure  in  which  exposure  is  not  followed  by  etching 
and  the  difference  in  refractive  index  between  the 
photodoped  and  unphotodoped  materials  is  used  to  guide 
single  mode  transmissions ,  (3)  small  geometry 
"diffraction  grating"  type  structures  on  the  surface 
of  a  substrate.  A  logical  extension  of  the 
diffraction  grating  concept  is  to  create  lateral 
surface  superlattice  (LSSL)  structures  in  the  arsenic 
sulfide  by  electron-beam  induced  doping.  These 
structures  form  the  basis  of  tunable  bandgap  elements. 
Although  As-S  is  an  amorphous  chalcogenide 
semiconductor,  we  may  still  fabricate  superlat t ices  in 
this  material  if  the  dimensions  are  of  the  order  of  an 
electron  wavelength,  e.g.  20  nm. 

To  date  we  have  utilized  As33Sg7  evaporation  and 

sputtering  sources  to  form  thin  films  on  silicon 
substrates  for  characterization  purposes.  Optical 
lithography  has  been  performed  using  a  Kan-Suss  MJB-3 
contact  aligner  with  310  nm  optics  and  a  TRE  700  wafer 
stepper  to  produce  waveguide  structures  with  a  minimum 
width  of  0-75  microns.  In  addition,  ultra-high 
resolution  electron-beam  lithography  using  a  converted 
ISI  100B  SEM  controlled  by  a  computer  scanning  system 
has  produced  gratings  with  35  nm  lines  and  35  nm 
spaces  in  these  materials. 


1.  A.E.  Owen,  A.P.  Firth  and  P.J.S.  Ewen,  Phil.  Mag. 
B,  52,  347-362  (1985). 
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Compound  Semiconductor  Electro-optical 
Materials  and  Devices 

Yung  Jui  (Ra  )  Chen 
Department  of  Electr  cal  Engineering 
University  of  Maryland 
Baltimore,  MD  21228 

With  recent  improvements  in  epitaxial  and  processing 
technologies  and  substrate  qualities,  GaAs  electro-optical 
modulators  with  bandwidth  in  excess  of  20  GHz  have  been 
demonstrated.1  The  travelling  waveguide  device,  based  on 
bulk  electro-optical  effects,  exhibited  performance 
comparable  to  state  of  the  art  lithium  niobate  devices  and 
offered  potential  for  monolithic  integration  of  passive  and 
active  opto-electronic  devices.  It  is  expected  that  compound 
semiconductor  electro-optical  devices,  based  on  advanced 
microelectronic  technologies,  will  play  an  increasingly 
important  role  in  electro-optical  applications. 

The  compound  semiconductor  materials  offer  another 
unique  feature  -  bandgap  engineering.2  Quantum  well 
structures  exhibit  greatly  enhanced  electro-absorptive  and 
electro-refractive  effects  resulting  from  the  two  dimensional 
excitonic  resonances.  For  electro-absorptive  effect,  a  change 
of  absorption  coefficient  as  large  as  Ao  =  15,000  cm'1  has 
been  observed  in  a  GaAs/AIGaAs  system  near  excitonic 
resonance.-1  Similarly  for  electro-refractive  effect,  the  large 
change  of  refractive  index  An  and  its  quadratic  dependence 
on  applied  field  in  a  quantum  well  material  also  lead  to 
superior  performance  to  bulk  semiconductors.  It  was  shown 
that,  by  detuning  from  excitonic  resonance,  a  ten  times 
improvement  in  phase  modulation  coefficient  over  the  bulk 
device  can  be  achieved  without  severe  propagation 
(absorption)  loss  penalty.4  Attempts  to  enhance  the  electro- 
optical  effect  in  quantum  wells,  in  particular  to  increase  the 
exciton  energy  shift  for  a  given  applied  field,  have  involved 
more  complex  structures.  Notably  in  a  coupled  quantum  well 
structure,  the  field-induced  shifts  of  the  coupled  excitonic 
states  can  be  as  much  as  five  times  that  of  the  single  quantum 
well  case.5'7 


We  will  discuss  various  electro-optical  effects:  Pockels  (linear 
electro-optical)  effect,  Kerr  (quadratic)  effect,  carrier  effect 
and  Franz-Keldysh  effect  in  bulk  and  quantum  well  materials 
and  their  applications  to  electro-optical  device  structures. 
Special  attention  will  be  given  to  the  enhanced  electro- 
refractive  and  electro-absorptive  effects  in  quantum  wells. 
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EXPERIMENTAL  STUDY  OF  THE  ROLE  OF 
COLOR  CENTERS  ON  SILICA  FIBER  PREPARATION 
FOR  SECONT  HARMONIC  GENERATION  (SHG) 
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United  States  Air  Force  Academy 
Colorado  Springs,  CO  80840-6528 

It  has  long  been  known  that  fibers  are  susceptible 
to  color  center  formation  by  energetic  photons  or 
particle  radiation.  It  has  more  recently  been 
proposed  that  color  (defect)  centers  may  play  a 
crucial  role  in  the  spontaneous  generation  of  second 
harmonic  light  in  glassy  fibers. ^  This  paper  explores 
whether  color  centers,  formed  in  fiber  samples  by 
neutron  or  gamma  radiation,  change  the  preparation 
charac  :erist ics  (either  time  to  prepare  or  maximum 
conversion  efficiency). 

Osterberg  and  Margulis^  first  observed  efficient 
SHG  in  phosphorus  and/or  Germanium  doped  silica 
fibers.  This  process  involves  passing  intense  light 
(1064  nm)  from  a  mode  locked,  Q-switched  Nd:YAG  laser 
thru  a  short  (nominally  one  half  meter)  fiber 
section.  During  an  exposure  time  of  several  hours, 
the  fiber  begins  to  radiate  second  harmonic  light  <  552 
nm).  The  conversion  efficiency  saturates  after  a 
growth  period  of  several  more  hours;  the  highest 
efficiency  reported  to  date  being  about  102.^  The 
structure  of  the  silica  fiber,  being  cent rosymmet ric , 
should  not  support  such  high  conversion  ef f iciencies. 
To  explain  this  SHG  as  a  second  order  nonlinear 
process,  one  must  postulate  a  mechanism  for  breaking 
the  inversion  symmetry  of  the  glass  structure,  and 
simultaneously  satisfy  the  phase  matching  conditions 
necessary  for  efficient  conversion  to  occur.  One 
model  proposed  suggests  that  color  centers  are  formed 
in  the  fiber  and  subsequently  aligned  along  the  fiber, 
resulting  in  an  alternating  DC  polarization  which 
automatically  satisfies  the  required  phase  matching 
condi tion. 

This  study  will  consider  cutting  several  sections 
of  fiber  from  the  same  spool  and  exposing  some  of 
these  samples  to  various  dosages  of  radiation  from  a 
gamma  ray  source,  and  others  to  a  source  of  neutrons. 
These  samples  will  then  be  exposed  to  light  from  the 
Nd:YAC  laser  and  their  response  to  the  SHC  preparation 
process  will  be  compared  to  fiber  (control)  samples 
not  subjected  to  radiation. 

Electron  spin  resonance  (ERR)  studies  will  also  bp 
conducted  on  these  and  other  fiber  samples  to 
determine  whether  photochemical  processes  occur  during 
the  preparation  process.  The  FSR  signature  of  such 
changes  add  new  information  concerning  the  preparation 
phenomenon  and  the  question  of  wbv  the  effect  is 
apparently  permanent;  a  question  not  addressed  by  the 
above  mentioned  model. 
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We  present  an  analytical  and  numerical 
discussion  of  pulse  propagation  and  reflec¬ 
tion  for  a  dielectric  slab  of  arbitrary 
thickness,  with  index  of  refraction  that 
contains  a  term  proportional  to  the  intensity 
of  the  electric  field  in  the  slab.  Initial 
study  is  based  on  Mill's  paper:  [Phys.  Rev. 
B35 ,  324  (1987)].  Additional  extensions  will 
be  considered.  Bistability  and  multi¬ 
bistability  regions  are  investigated  for 
transmissivity  as  a  function  of  incident 
power. 
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Induced-frequency  Shift,  Induced-spectral 
Broadening,  and  Optical  Amplification  of 
Picosecond  Pulses  by  Cross-phase  Modulation 
in  a  Singlemode  Optical  Fiber 

P.  L.  Baldeck  and  R.  R.  Alfano 

IUSL/PAL,  E.  E.  Department 
The  City  College  of  Kaw  York 
New  York,  NY  10031 

Cross-phase  modulation  (XPM)  is  a  newly- 
identified  nonlinear  optical  mechanism  with 
important  applications  based  on  the  p^cgsec- 
ond  and  femtosecond  pulse  technology.  XPM 

is  similar  to  the  well-known  self-phase  modu¬ 
lation  ( SPM ) ,  however,  it  corresponds  to  the 
phase  modulation  caused  by  the  nonlinear  re¬ 
fractive  index  induced  by  another  copropagat¬ 
ing  pulse.  The  time-dependent  cross-phase 
modulation  leads  to  spectral  changes.  In 
this  report,  we  investigated  XPM  effects 
generated  by  a  strong  ps  pump  pulse  at  630nm 
on  a  weak  copropagating  ps  probe  pulse  at 
532nm. 

A  schematic  diagram  of  the  experimental 
setup  is  shown  in  Fig.  1.  A  mode- locked 
Nd:YAG  laser  with  a  second  harmonic  crystal 
was  used  to  produce  25-ps  time  duration 
pulses  at  532nm.  Pump  pulses  were  obtained 
through  stimulated  Raman  scattering  by  focus¬ 
ing  90%  of  the  532nm  pulse  eneigy  into  a  1  cm 
cell  filled  with  ethanol  and  using  a  narrow 
band  filter  centered  at  630nm.  The  pump 
pulses  at  630nm  were  then  recombined  with 
probe  pulses  after  traveling  through  a  delay 
path  and  coupled  into  a  3m  long  singlemode 
optical  fiber.  Spectra  of  probe  pulses  were 
recorded  for  increasing  pump  intensities  at 
different  input  time  delays  between  pump  and 
probe  pulses. 

Typical  XPM-induced  changes  of  probe 
pulse  spectra  are  displayed  in  Figs.  2  and  3. 

A  reference  spectrum  obtained  in  the  absence 
of  XPM  interaction  (dashed  line)  is  displayed 
in  Fig.  ...  A  red-shifted  spectrum  resulting 
from  the  XPM  interaction  when  the  pump  pulse 
entered  the  fiber  about  lOOps  after  the  probe 
pulse  (solid  line)  is  shown  in  Fig.  4.  The 
induced-frequency  shift  originates  from  the 
combined  ^ffects  of  XPM  and  group-velocity 
mismatch.  Due  to  the  initial  time  delay, 
the  probe  pulse  sees  only  the  leading  edge  of 
the  XPM  which  leads  to  a  red-shift  as  in  the 
SPM  theory.  An  example  of  a  probe  pulse  spec¬ 
trum  obtained  when  both  pulses  entered  the 
fiber  simultaneously  is  shown  m  Fig.  3.  The 
spectrum  has  not  only  shifted  toward  blue 
frequencies  as  expected  but  also  broadens. 

An  induced-spectral  broadening  as  wide  as  10 
nm  could  be  obtained  which  was,  surprisingly, 
at  least  one  order  of  magnitude  larger  than 
predicted  by  the  XPM  theory. 

The  optical  amp  1 i f icat ion  of  the  probe 
pulse  is  another  unexpected  feature  arising 
from  the  XPM  interaction.  Fig.  4  shows  the 
dependence  of  the  XPM-induced  gain  with  the 
input  time  delay  between  probe  and  pump 
pulses.  The  physical  origin  of  the  gain  is 
still  under  investigation.  It  could  origin¬ 
ate  from  a  non-phase  matched  four-wave  mixing 
process . 


spectral  distribution  of  probe  pulses  can  be 
significantly  affected  by  the  XPM  generated 
by  a  copropagat ing  pulse.  Thus,  XPM  appears 
as  a  new  tool  to  control  optically  the  spec¬ 
tral  properties  of  ultrafast  optical  pulses. 
Repetition  rates  of  such  frequency  modulation 
schemes  could  be  in  the  THz  range  since  the 
nonlinearity  is  based  on  the  fast  time  re¬ 
sponse  of  electronic  origin. 

This  work  is  partially  supported  by 
Hamamatsu  Photonics  K.K. 
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Fig.  1  Experimental  setup 


Fig.  2  Cross-phase  modulation  (XPM)  effects 
on  the  spectrum  of  a  probe  picosec¬ 
ond  pulse.  Dashed  line:  reference 
spectrum  without  XPM.  Solid  line: 
with  XPM  and  a  100  ps  time  delay  be¬ 
tween  pulses  at  the  optical  fiber 
input . 


In  conclusion,  we  have  shown  that  the 
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Fig.  j  Same  as  Fig.  2  but  with  no  time 
delay  between  pulses  at  the 
optical  fiber  input. 
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Fig.  4  XPM- induced  optical  gain  (I 

1 53  (in  )  ^  versus  input  time  delay 
betweert  pump  and  probe  pulses. 
Dots:  experimental  data.  Solid 
line  is  the  fitting  obtained  by 
taking  the  convolution  of  the 
pump  and  probe  pulses. 
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This  talk  describes  development  and  characterization  of  a  new 
apparatus  capable  of  simultaneously  generating  both  intense 
subpicosecond  UV  (308,  248.5  nm)  excitation  pulses  and 
subpicosecond  continua  for  probing  photoexcited  molecules  via 
broadband  absorption  spectroscopy.  Both  UV  (230-450  nm)  and  IR 
12.2-2.7  /im)  continua  have  thus  far  been  produced.  A  method  of 
upconverting  the  latter  to  the  visible  for  ease  of  detection  has  been 
demonstrated.  Also  presented  in  this  talk  is  an  account  of  several  ex¬ 
periments  performed  using  this  equipment.  The  subpicosecond  UV 
continuum  is  used  to  study  photolysis  of  thallium  halide  vapors  at  248 
nm  and  308  nm.  and  also  photolysis  of  chlorine  dioxide  vapor  at  308 
nm.  From  the  unusual  absorption  line  shapes  observed  in  the  former 
experiment  during  roughly  the  first  picosecond  of  time  following  the 
application  of  the  ~160  fsec  UV  photolysis  pulse,  one  can  deduce 
important  information  regarding  the  dependence  of  the  separation  of 
the  electronic  energy  levels  on  the  Tl-halide  atomic  spacing.  For 
OCIO,  absorption  measurements  made  with  the  use  of  the 
subpicosecond  UV  continuum  show  that  the  primary  photochemical 
act  is  production  of  Cl  +  Oj.  not  CIO  +  O.  as  has  been  assumed  for 
decades.  We  have  also  utilized  the  subpicosecond  IR  continuum  to 

measure  the  B  -  A  internal  conversion  rate  in 
l,4-diazab»eyclo(2.2.2Joctanc  (DABC'O)  vapor. 
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A  New  Class  of  Ultraviolet  Femtosecond  Sources 


M.C.  Downer,  G.  Focht,  T.R.  Zhang 
Physics  Department 
University  of  Texas  at  Austin 
Austin,  Texas  787 1 2 


Since  their  advent  in  the  early  1980's,  femtosecond  source  lasers 
have  been  available  only  in  the  red  and  near  infrared  part  of  the 
spectrum.  Blue  and  ultraviolet  femtosecond  pulses  could  be 
generated  only  through  an  expensive  and  cumbersome 
amplification  of  visible  pulses,  followed  by  nonlinear  optical 
frequency  conversion.  We  have  developed  an  efficient,  high 
repetition  rate  source  of  synchronized  ultraviolet  and  red 
femtosecond  pulses  by  intracavity  frequency  doubling  of  a 
colliding-pulse  ring  laser.*  This  simple,  inexpensive,  and 
non-perturbative  technique  can  be  easily  retrofitted  to  any  passively 
mode-locked  laser.  This  new  ultraviolet  source  is  useful  in 
photoexcitation  of  molecular  absorption  bands,  photoionization, 
photoemission,  and  applications  requiring  tight  focussing,  such  as 
electro-optic  sampling  of  high-speed  integrated  circuits. 

Figure  1  shows  the  additional  intracavity  subresonator  which  we 
constructed  to  focus  the  intracavity  pulse  train  on  a  thin  KDP  or 
Lil(>3  crystal  cut  for  Type  I  phase  matching  at  Brewster  angle 
incidence.  The  linear  dispersion  of  the  crystal  was  compensated  by 
re-adjustment  of  an  intracavity  prism  configuration.2  The 
ultraviolet  beam  of  milliwatt  average  powe-,  100  MHz  repetition 
rate  was  extracted  through  a  dichroic  mirror  as  shown.  Red  pulse 
durations  of  50-70  fsec  were  preserved,  with  no  evidence  of 
bandwidth  limitation,  as  shown  in  Figs.  2a  and  b.  The  ultraviolet 
bandwidth  shown  in  Fig.  2c  is  sufficient  for  a  transform  limited 
pulse  duration  of  40  fsec,  although  group  velocity  walk-off  effects 
typically  broaden  them  to  between  100  and  150  fsec.  This 
bandwidth  overlaps  the  gain  curve  of  a  XeCI  amplifier,3  suggesting 
that  direct  injection  into  an  excimer  amplifier  is  possible  provided 
ASE  can  be  adequately  suppressed. 


Fig.  1.  Schematic  of  the  subresonator  for  intracavity 
frequency  doubling  in  a  colliding  pulse  mode-locked 
dye  laser,  showing  the  bidirectional  red  pulse  train, 
Brewster  angle  cut  KDP  crystal,  and  the  dichroic 
output  coupling  mirror. 


In  contrast  to  our  observations,  previous  attempts  at  intracavity 
frequency  doubling  of  actively-and  synchronously  mode-locked 
lasers4  resulted  in  mode-locking  instability,  pulse  broadening,  and 
bandwidth  limitation,  even  though  these  lasers  operated  in  the 
picosecond,  rather  than  the  femtosecond,  time  domain.  Passively 
mode-locked  lasers,  on  the  other  hand,  possess  a  built-in 
stabilization  mechanism  against  the  deleterious  effects  of  intracavity 
frequency  doubling,  as  shown  in  Fig.  3a.  Temporal  broadening 
occurs  in  the  doubling  crystal  because  power  dependent  loss 
selectively  attenuates  the  peak  of  the  pulse.  Passage  through  a 
saturable  absorber,  on  the  other  hand,  selectively  attenuates  and 
therefore  sharpens  the  leading  edge  of  the  pulse.  Analogously  gain 
saturation  sharpens  the  trailing  edge.  Adjustment  of  absorber  and 
gain  saturation  levels  can  therefore  precisely  compensate  the  pulse 
broadening  caused  by  the  doubling  crystal. 

We  have  quantified  these  general  concepts  by  modifying  Haus' 
theory  of  the  passively  mode-locked  laser  to  include  an  intracavity 
frequency  doubler.5  Figure  3a  and  Fig.  4  graphically  illustrate  the 
major  results  of  this  analysis.  Figure  3a  represents  the  stable 
operating  regime  as  a  function  of  saturable  loss  (q),  saturable  gain 
(g(i»,  and  second  harmonic  conversion  efficiency  (y).  Stable 
operation  can  always  be  recovered  by  adjusting  gain  or  loss  (i.e. 
adjusting  pump  power  or  intracavity  focus  in  saturable  absorber). 
Figure  4  shows  the  variation  of  (a)  duration  and  (b)  energy  of  the 
fundamental  pulses  as  second  harmonic  conversion  efficiency  is 
varied.  The  points  A,B,C  denote  examples  of  conditions  yielding 
equal  pulse  durations  and  energies  at  widely  different  values  of  y. 
showing  that  pulse  duration  and  energy  can  also  be  preserved  by 
adjustment  of  gain  and  loss  parameters. 
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Fig.  2.  (a)  Autocorrelation  traces  and  (b)  spectral  intensity 
profiles  of  the  fundamental  red  pulses  without  the 
intracavity  doubling  crysta}  (dashed  curves)  and  with 
the  intracavity  doubling  crystal  tuned  for  maximum 
output  power  (solid  curves),  (c)  Spectral  intensity 
profile  of  the  generated  ultraviolet  pulse. 


Fig.  4.  Graphical  representations  of  (a)  intracavity  pulse 
duration  and  (b)  pulse  energy  at  3  different  values  of 
second  harmonic  conversion  efficiency  y.  The 
points  A,B,  and  C  illustrate  the  simultaneous 
preservation  of  pulse  duration  and  energy  as  y  is 
increased,  and  correspond  to  the  equivalently 
labelled  points  in  Fig.  3b. 
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Fig.  3.  (a)  Changes  in  intracavity  pulse  envelope  upon 
passage  through  major  components  of  a  passively 
mode-locked  laser  with  intracavity  frequency 
doubler,  (b)  Graphical  representation  of  the  stable 
mode-locking  regime  as  a  function  of  saturable  loss 
q,  saturable  gain  g(i),  and  the  dimensionless  second 

harmonic  generation  parameter  y. 
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Control  of  solitons  in  a  femtosecond  dye  laser 

W.L.  Xighan  Jr.  and  P.\l.  Fauchet 

Princeton  Laboratory  for  Ultrafast  Spectroscopy 
Department  of  Electrical  Engineering 
Princeton  University,  Princeton  NJ  0854-1 


We  have  built  a  7  mirror/4  prism  colliding  pulse 
modelocked  (CPM)  dye  laser  [l]  that  delivers  35  fs  pulses  at 
100  MHz.  Recent  experiments  {2,3]  have  confirmed  the 
soliton-like  (henceforth  called  soliton)  behavior  of  this  laser 
that  had  been  predicted  by  Martinez  et  al.  [4].  In  this 
presentation,  we  discuss  the  properties  the  solitons  generated 
by  our  CPM  laser  and  show  that  accurate  control  is  possible. 

Starting  from  the  optimized  laser  configuration,  we  find 
that  by  adjusting  group  velocity  dispersion  (GVD)  and  self¬ 
phase  modulation  (SPM)  inside  the  cavity,  we  are  able  to 
control  the  order,  period  and  duration  of  the  solitons.  Nega¬ 
tive  GVD  is  controlled  by  translating  one  prism  with  —  1 
micron  resolution  and  SPM  is  controlled  by  varying  the 
saturable  absorber  jet  thickness  or  the  intracavity  intensity 
in  that  jet.  Both  the  spectrum  and  the  intensity  autocorrela¬ 
tion  are  time-resolved  at  different  points  in  the  periodic  evo¬ 
lution  of  the  soliton. 

Figure  1  shows  a  single  trace  real  time  autocorrelation 
scan  and  autocorrelation  traces  sampled  at  different  points  in 
the  period  of  N=2  soliton,  for  a  given  set  of  cavity  parame¬ 
ters.  The  soliton  period  is  2.5  fis  and  the  modulation  of  the 
energy  output  of  the  CPM  laser  is  ~  10  <T.  When  spectrally 
resolved,  the  modulation  is  deeper,  approaching  100  rf  at  cer¬ 
tain  wavelengths.  Fine  tuning  of  the  period  between  2.5  and 
3.5  fis  Is  easily  obtained  through  GVD  adjustments:  coarser 
tuning  is  achieved  by  SPM  adjustments.  We  have  obtained 
soliton  durations  between  <  50  fs  and  >  500  fs.  Longer 
periods  and  durations  are  achieved  for  more  negative  GVD: 
features  shorter  t  han  50  fs  in  the  intensity  autocorrelation  are 
achieved  for  less  negative  GVD.  In  this  configuration,  the 
laser  output  remains  stable  for  hours  and  any  specific  pul- 
scohapi.  iai»  be  lepiodtued  from  day  to  day.  Another  regime 
of  periodic  pulseshaping  has  also  been  observed  with  charac¬ 
teristic  periods  in  the  100  /<s  range.  This  regime  is  also  con¬ 
trollable  but  is  much  more  susceptible  to  pert  urbations.  Since 
the  period  corresponds  to  a  much  larger  number  of  round- 
trips.  we  suggest  that  the  effect  of  a  given  perturbation  is 
larger  and  thus  decreases  the  stability.  Our  results  will  be 
com  pared  to  the  models  for  soliton  formation  in  the  ('I’M 
laser. 

In  conclusion,  we  have  demonstrated  control  of  soliton 
pulseshaping  in  a  femtosecond  CPM  dye  laser.  The  principles 
are  general  and  could  be  applied  to  other  short  pulse  lasers  in 
different  wavelength  regimes.  This  research  was  supported  by 
NSF  equipment  grant  ECS-8606531 ,  NSF  grant  EC'S- 8657253 
through  the  Presidential  Young  Investigator  program  and 
ARO  contract  DAAL03-87-K-0145. 
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Top  Figure 

Single  real  time  autocorrelation  trace  (1  div=92  fs 
N=2  soliton  mode  of  the  (’I’M  laser.  The  oscillation  ’mm- 
pulseshapes  is  evident. 
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Bottom  Figure 

Autocorrelation  tract's  sampled  at  0.25  interval 
the  2.5  /is  period  of  N=2  soliton. 
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Effects  of  detuning  on  mode-locked  pulse 
trains  of  an  argon  ion  laser 

Tadashi  Kitahara 

R&D  Division.  Hamamatsu  Photonics  X.  X.  ,  J126- 

1,  Icblno-cho,  Hamamatsu  City,  435  Japan 

Experimental  investigation  about  effects 
of  laser  cavity  detuning  on  A  mode-locked 
argon  ion  laser  pulse  train  is  described.  It 
is  shown  that  a  stable  mode-locked  pulse 
train  is  obtained  always  when  detuning  length 
is  minus  and  has  a  deep  minus  phase  shift. 
Qualitative  explanation  is  given. 

A  composite  acousto-optic  mode-locking 
device  (MD)  (Fig.  1)  was  used.  The  mirror  is 
flat  and  is  located  1mm  away  from  the  acousto 
-optic  modulating  region.  The  cavity  length 
was  I. 1 5m.  The  modulation  frequency  was 
130. 0000MHz  and  was  kept  constant  in  any 
cases. 

The  experimental  setup  is  depicted  in 
Fig.  2.  A  He-Ne  laser  was  used  to  know 
temporal  change  of  acoustic  Intensity  in  the 
MD.  Weak  mode-locked  514.  5nm  laser  light 
leaked  from  the  high  reflector  mirror  of  the 
MD.  The  weak  light  and  the  modulated  He-Ne 
laser  light  were  measured  with  optical 
oscilloscope  Hamamatsu  OOS-I  temporally. 

Figs  3(a)  and  (b)  show  examples  of 
optical  oscilloscope  traces.  Sine  wave  like 
curves  correspond  to  the  modulated  He-Ne 
laser  light  and  sharp  peaks  correspond  to 
mode-locked  pulses.  Delay  times  of  the  mode- 
locked  pulse  trains  comparing  to  a  minimum 
points  of  the  modulation  were  obtained  from 
these  traces.  Phase  shifts  were  obtained  by 


multiplying  3601^  on  the  delay  times.  Where  f 
^  is  the  modulation  frequency. 

Figs  4(a)  and  (b)  show  sampling 
oscilloscope  traces  using  a  photodiode  with 
the  same  condition  as  Figs  3(a)  and  (b) 
respectively.  Averaged  output  power  were 
measured  using  a  Coherent  210  power  meter. 

The  results  of  the  phase  shift,  the 
pulse  width  and  the  averaged  power  as  a 
function  of  cavity  detuning  length  and  the 
tube  current  are  shown  in  Figs  5  and  6 
respectively.  A  starting  point  of  the 
holizontal  axis  in  Fig.  5  is  settled  as  the 
length  where  a  stable  mode-locked  pulse  train 
was  obtained  for  the  first  time  when  the 
laser  cavity  was  decreased  gradually.  When 
the  cavity  length  detuning  length  was  minus, 
stable  pulse  train  was  obtained  always.  When 
the  cavity  detuning  length  were  plus,  the 
pulse  trains  were  unstable  always. 

Because  all  the  inclinations  coincident 
in  tho  unstable  regions  of  Figs  5  and  6,  it 
is  cojectured  that  the  unstability  in  the 
plus  detuning  region  is  due  to  static  loss. 
The  reason  the  mode-locked  pulse  train  is 
stable  and  has  relatively  deep  minus  phase 
shift  in  the  minus  detuning  region  may  be 
explained  as  follows.  Mode  separation 
increases  and  exceeds  modulation  frequency  as 
cavity  mirror  separation  decreases.  So  that 
strong  modulation  is  necessary  to  decrease 
the  mode  separation  until  the  modulation 
frequency.  The  strong  modulation  is  done  by 
increasing  degree  of  the  phase  shift  as  is 
shown  in  Fig.  5.  The  necessity  makes  the 
pulse  train  stable. 


901 


(deg  ) 


TUBE  CURRENT 


I-  -5  < 

10 


AVERAGED 
.A  >.  POWER 


A\ 


s°  <=o°  /  \ 

<='  o'  / 

>  /  \ 

0-0'  I  O  PULSE  A\ 

OO-'  1  >  WIDTH 

15  PHASE  b-O 
SHIFT 


-L- 


J _ L_ 


CAVITY  DETUNING  LENGTH  <mm> 


Abstract  No.  629 


Temporal  reshaping  of  ultrashort  laser  pulses 
reflected  by  GaAs 

/.//.  Campbell,  S.K.  Kirby  and  P.M.  Fauchet 

Princeton  Laboratory  for  Ultrafast  Spectroscopy 
Department  of  Electrical  Engineering 
Princeton  University,  Princeton  NJ  08541 

Contrary  to  a  commonly- accepted  opinion,  short  laser 
pulses  can  undergo  dramatic  temporal  reshaping  upon 
reflection  at  an  interface  exhibiting  linear  optical  properties. 
For  a  fixed  angle  near  Brewster’s  angle,  the  phase  and  magni¬ 
tude  of  the  Fresnel  coefficients  change  rapidly  with  the  dielec¬ 
tric  function.  If  a  short  laser  pulse  is  incident  close  to 
Brewster’s  angle,  its  various  frequency  components  are 
reflect ed  differently  and  the  reflected  pulse  is  strongly 
reshaped.  We  investigate  this  reshaping  as  a  function  of  the 
angle  of  incidence,  the  material’s  properties  and  the  incident 
pulse’s  characteristics. 

The  dielectric  function  of  GaAs  at  low  temperature  in 
the  exciton  region  is  the  starting  point  of  our  numerical  cal¬ 
culations.  We  use  the  Lorentz  model,  with  a  resonant  fre¬ 
quency  of  1 .511  eV  and  a  Mnewidth  of  0.27  meV  Ji].  The 
input  pulse  is  a  sech2,  typical  of  well-modelocked  femtosecond 
lasers  generating  transform-limited  pulses.  We  detine 
Brewster’s  angle  as  arctan{n(wc)}  where  wc  is  the  carrier  fre¬ 
quency.  We  find  wide  regions  in  paramet  r  space  that  lead  to 
strong  reshaping;  however,  reshaping  is  only  observable  very 
close  to  Brewster's  angle  (typically  a  fraction  of  a  degree). 
Figure  1  illustrates  the  effect  of  the  detuning  between  the  car¬ 
rier  frequency  and  the  exciton  resonant  frequency.  The 
dramatic  reshaping  and  lengthening  observed  at  smaller 
detunings  are  the  result  of  1)  the  proximity  of  two  tt  phase 
shifts  of  the  reflectivity,  one  due  to  the  Lorentz  resonance,  the 
other  due  to  Brewster’s  angle,  and  2)  abrupt  changes  in  the 
magnitude  of  the  reflectivity,  within  the  incident  pulse  spec¬ 
trum.  The  latter  effect  is  equivalent  to  passing  the  incident 
pulse  through  a  narrow  bandpass  filter. 

Our  results  suggest  a  novel  type  of  experiment  designed 
to  measure  the  properties  of  the  reflector,  such  as  the 
linewidth  of  the  resonance.  The  reflected  pulse  would  be 
cross-correlated  with  part  of  the  incident  pulse  in  a  nonlinear 
Crystal;  a  fit  to  the  second  harmonic  signal  would  yield  the 
parameter  under  study.  Finally,  we  note  that  this  reshaping 
can  be  viewed  as  the  time  analog  of  the  Goos-Haenchen  shift. 

This  research  was  supported  by  NSF  through  the 
Presidential  Young  Investigator  program  and  by  ARO. 
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Incident  100  fs-long  pulse  (dashed  line)  and  reflected  pulse 
shapes  for  three  detunings.  The  vertical  axis  is  the  normalized 
intensity  and  the  horizontal  axis  is  a  340  fs-long  time  win¬ 
dow  . 
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Two  Micron  Focusing  of  Millijoule  Femtosecond  Pulses 
from  a  Conical  Axicon  Amplifier 

W.M.  Wood,  Glenn  Focht  and  M.C.  Downer 

Physics  Department 
University  of  Texas  at  Austin 
Austin,  TX  78712 

The  amplification  of  femtosecond  pulses  to  millijoule  and  higher 
energies  has  opened  up  the  study  of  the  interaction  of  matter  with 
radiation  fields  of  unprecedented  intensity  flj.  While  excimer  and 
solid  state  amplifiers  have  achieved  the  highest  pulse  energies  to 
date,  high  power  dye  amplifiers  can  produce  comparable  peak 
intensities  if  the  output  can  be  tightly  focused.  However,  the  output 
of  most  high  power  dye  amplifier  systems  has  suffered  from  poor 
transverse  beam  quality  accompanied  by  limited  focusability  caused 
by  severe  phase  front  distortion  during  the  amplification  process. 
We  have  constructed  a  high  power  Nd:YAG  pumped  dye  amplifier 
system  with  a  final  stage  conical  axicon  gain  cell  [2)  which 
overcomes  this  drawback  of  earlier  systems  and  achieves  near 
diffraction  limited  focusing  of  millijoule  pulses  of  100  fs.  duration. 
The  peak  intensity  at  the  focus  is  more  than  1016  W/cm2,  and 
breakdown  of  air  at  atmospheric  pressure  is  easily  observed. 

Earlier  high  power  dye  amplifier  systems  for  femtosecond  pulses 
have  utilized  a  variety  of  pumping  geometries  in  attempts  to 
maximize  she  pulse  gain,  while  maintaining  a  large  output  beam 
diameter  (-  1  cm.)  to  avoid  nonlinear  optical  effects  (3].  These 
simultaneous  needs  for  high  gain  and  large  beam  diameter  have 
made  the  preservation  of  favorable  transverse  beam  quality 
especially  difficult.  For  example,  some  early  systems  maximized 
gain  near  th ;  output  of  the  final  stage  cell  by  using  collinear, 
counter-propagatin  pump  and  signal  pulses  at  the  expense  of  poor 
transverse  beam  quality  and  focusability  [31.  Later  systems  have 
improved  bean,  quality  to  some  extent  by  using  transversely 
pumped  prismatic  cells  (41,  while  sacrificing  the  desirable  features 
of  maximizing  gain  at  the  center  of  the  pulse  profile  and  at  the 
output  of  the  gain  cell.  More  recently,  by  contrast,  Kuhnle  et.  a 
[2]  have  measuisd  that  small  diameter  (-2.5  mm.)  nanosecond 
pulses  can  be  amplified  with  high  gain  and  excellent  transverse 
beam  quality  using  conical  axicon  gain  cells  of  small  dimersions 
(gain  region  *  2  cm.  long). 

We  have  scaled  the  beam  diameter  and  axicon  cell  dimensions  to 
the  four-fold  larger  size  required  for  amplification  of  femtosecond 
pulses  to  millijoule  energy.  Fig.  1  depicts  the  final  (fourth)  stage 
of  our  amplifier  system.  The  first  three  stages  (not  shown)  use 
standard  transversely  pumped  gain  'ells  to  pre-amplify 
femtosecond  pulses  from  a  colliding  pulse  mode-locked  (CPM) 
laser  to  approximately  0.1  mJ.  at  a  10  Hz  repetition  rate.  These 
pre-amplified  pulses  are  then  expanded  to  1  cm.  diameter  and 
injected  into  the  axicon  cell.  The  gain  region  is  an  8  cm.  long 
cylindrical  flow  tube  containing  Rhodamine  640,  centered  on  the 
axis  of  a  solid  glass  cone.  Incident  to  the  base  of  the  cone  and 
expanded  to  match  its  8  cm.  radius,  counter-propagating  532  nm. 
pump  pulses  internally  reflect  from  the  sides  and  enter  the 
cylindrical  gain  medium  at  radial  incidence,  thereby  maximizing 
pump  absorption  efficiency,  gain  at  the  center  of  the  beam,  and 
gain  at  the  output  of  the  cell,  as  predicted  by  Schafer  (2)  Output 
can  be  extracted  after  a  single  pass  or  returned  through  suitable 
polarizing  optics  and  a  saturable  absorber  for  a  second  pass. 
Typical  output  energies  are  0.5  mJ/pulse  with  <  5%  amplified 
spontaneous  emission  (ASE)  after  one  pass  and  1 .3  mJ. /pulse  with 
<  5  %  ASE  after  two  passes.  We  have  then  compressed  the 
dispersively  broadened  output  pulse  to  approximately  100  fsec. 
with  a  prism  pair,  without  significantly  affecting  output  pulse 
energy. 

'*c  report  for  the  first  lime  the  favorable  focussing  properties  of 
high  power  femtosecond  pulses  amplified  in  a  conical  axicon  cell. 
Fig.  2a  shows  the  focussed  beam  waist  profile  of  our  un- 
amplified  CPM  output  after  passage  through  the  unpumped 
amplifier  with  saturable  absorbers  removed.  This  measurement 
was  made  by  translating  a  3  micron  pinhole  in  one  micron  steps 
across  the  beam  waist  after  focussing  by  a  20x  microscope 
objective  After  deconvoluting  the  pinhole  diameter,  we  find  a  spot 
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Fig.  1- -Final  stage  geometry  for  the  femtosecond 
axicon  dye  cell  amplifier. 


Fig.  2-a)  Beam  waist  profile  of  un- 
amplified  CPM  output  at  focus  of  a  20x 
microscope  objective;  b)  Same  measure¬ 
ment  after  pre-amplification  to  0.1  mJ. 
prior  to  axicon  gain  cell;  and  c)  after  amp¬ 
lification  to  0.6  mJ.  in  axicon  cell. 

radius  of  1.5  microns.  Fig.  2b  shows  a  similar  measurement 
following  pre-amplification  of  the  pulses  to  0.1  mJ.  in  the  first 
three  amplifier  stages.  Note  that  the  spot  radius  has  now  degraded 
slightly  to  approximately  2.2  microns.  Fig.  2c  shows  a  third 
measurement  after  amplification  to  0.6  mJ.  in  the  conical  axicon 
celt.  We  again  find  the  focal  radius  to  be  approximately  2  2 
microns,  corresponding  to  a  peak  intensity  of  3  x  1016  W/cm2.  In 
order  to  mease  j  focal  radius,  the  amplifier  output  was  attenuated 
by  several  orders  of  magnitude  in  order  to  avoid  damaging  the 
pinhole.  Intense  light  emission  from  air  breakdown  is  easily 
observed  at  the  focus.  Availability  of  such  a  high  intensity  source 
will  greatly  benefit  studies  of  new  physical  processes  [1],  such  as 
gas  breakdown  on  a  femtosecond  time  scale,  and  generation  of  s  >ft 
X-rays  from  intensely  irradiated  solid  state  plasmas  [51-  Wc  wili 
present  measurements  of  the  breakdown  thresholds  of  several 
gases  as  a  function  of  pulse  duration  in  the  femtosecond  and 
picosecond  regime. 

Current  limitation  on  our  focusability  arise  from  the  limited 
focusability  of  tl„  source  laser  output  and  the  use  of  standard 
geometry  gain  cells  in  the  pre-amplification  stages.  The  axicon  cell, 
on  the  other  hand,  preserves  focusability  perfcctl;-.  Further 
improvements  in  the  earlier  stages  mav  therefore  permit  still  lighter 
focusing,  perhaps  to  the  full  diffraction  limit, 
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Dual-Energy  Chest  Radiography: 

Physical  Principles  and  Clinical  Potential 

Gary  T.  Barnes,  Robert  G.  Fraser  and  P,  Colleen  Sanders 

Department  of  Radiology 
University  of  Alabama  Hospitals  and  Clinics 
University  ot  Alabama  at  Birmingham 
Birmingham,  Alabama  35233 

Presented  are  the  physical  principles  ot  scan  projection 
digital  radiography  applied  to  the  chest  along  with  a  review 
ot  the  early  clinical  experience  at  UAB  with  a  prototype 
single  energy  unit  manufactured  by  Picker  International 
This  experience  along  with  the  early  dual-energy  work  at 
Stanford  University  lead  us  to  develop  a  sandwich  x-ray 
detector  comprised  of  a  low/high  atomic  number  phosphor 
coupled  to  a  photodiode  array.  Our  preliminary 
experiments  with  this  energy  discriminating  detector  were 
successful  and  Picker  employed  the  idea  in  their  second 
generation  digital  chest  unit  An  important  feature  of  the 
sandwich  detector  design  is  that  it  permits  the  simultaneous 
acquisition  of  low  and  high  energy  patient  images.  From 
this  information,  separate  sott  tissue  (bone  cancelled) 
images  and  bone  (sott  tissue  cancelled)  images  free  of 
patient  misregistration  artifacts  can  be  obtained  as  well  as  a 
conventional  single  energy  image  Presented  are  the 
principals  of  dual-energy  imaging,  details  of  the  sandwich 
detector  assembly  design,  and  an  overview  of  our  clinical 
experience  with  the  Picker  second  generation  unit  Studied 
were  the  capability  of  this  prototype  dual-energy  digital 
chest  unit  to  differentiate  calcified  from  non  calcified 
pulmonary  (and  potentially  malignant)  nodules,  to  detect 
pulmonary  nodules,  to  quantitate  in  vivo  the  calcium  content 
of  noduies,  to  detect  subtle  mterstiTal  disease,  and  fma  y  to 
detect  metastatic  calcium  to  the  'ung  and  to  manage 
patients  with  loss  of  renal  function  Also  discussed  are  the 
sandwich  defector  phosphor  requirements  and  design 
improvements  that  would  result  in  improved  dual-energy 
image  quality 
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Radiographic  images  can  be  decomposed  into  two 
"component  images”,  bone  and  soft  tissue,  because  there 
exist  two  predominant  interactions  that  account  for  x- 
ray  attenuation  in  the  diagnostic  x-ray  energy  range- 
Compton  scattering  and  photoelectric  absorption  (1,2). 
Decomposition  into  component  images,  called  dual 
energy  subtraction,  is  achieved  through  linear 
combination  of  radiographic  images  recorded  using  two 
differing  effective  x-ray  energies.  Dual  energy 
subtraction  of  bone  versus  soft  tissue  contrast  is  a 
promising  technique  for  improving  the  detection  of 
lung  nodules  and  other  abnormalities  on  chest  radio¬ 
graphs  (3).  A  single  exposure  radiographic  imaging 
technique  has  been  developed  for  making  dual  energy 
subtraction  radiographs  in  which  bone  is  suppressed 
(4).  The  single  exposure  technique  was  found  to  be 
more  practical  from  a  clinical  standpoint  than  the 
dual  exposure  technique,  using  two  separate  x-ray 
exposures  at  two  different  x-ray  energies,  because  of 
its  simplicity  and  immunity  to  patient  motion. 

This  technique  uses  two  image  receptors  having 
differing  energy  response  characteristics  in  a  single 
assembly  as  shown  £n  Figure  l.  a  radiographic  cassette 
containing  two  different  film-screen  combinations.  The 
assembly  then  is  exposed  by  a  single  140  kVp  x-ray 
exposure,  with  energy  separation  occurring  in  the  image 
receptors.  The  energy  separation  of  this  technique  is 
achieved  by  appropriate  choice  of  x-ray  absorbing 
screens  and  of  copper  filtration  between  the  two  image- 
receptors.  Accurate  knowledge  of  screen  phosphor 
absorption  and  filter  attenuation  characteristics  is 
essential  for  choosing  optimum  screen  pairs  for  this 
approach . 

This  paper  reports  the  evaluation  between  two  sets 
of  screen  pairs,  LaOBr  (Quanta  III,  DuPont  i/CuvO., 
(Lightning  Plus,  DuPont)  and  Y2O2S  (MCI  Optonix)/CaV,'0 1 
(Lightning  Plus,  DuPont)  The  first  set  of  screen 
pairs  was  previously  reported  to  be  successful  in  human 
studies  (4).  The  Y2O2S  screen  has  a  lower  K  edge  than 
the  LaOBr  screen,  this  increases  the  energy  sepnrat  ion 
between  the  screen  pair,  and  then  increases  residual 
soft  tissue  contrast  after  bone  subtract  ion  and 
detectability  of  lung  nodules  if  they  are  present 

The  purpusc  of  this  study  is  to  compare  the  two 
screen  pairs  in  terms  of  screen  speed.  iniag« 
resolution,  signal • to-nolse  ratio  (S/N) .  and  energy 
separ.it  loti  in  order  to  select  a  bettor  screen  pair  f-.r 
the  single  exposure  technique.  Computer  simulations 
wore  performed  in  order  to  estimate  tin-  signal  to- 
nolse  ratio  and  energy  separation  of  the  two  .'.oven 
pairs.  The  simulations  accurately  reproduced  the 
performance  of  the  radiographic  imaging  system 
including  the  pol  yenerget  i  c  characteristics  *<f  x  r-iv 
spectra  the  energy  dependence  oi  soft  tissue  and  In-:, 
attenuations,  the  energy  -  dependen*  absorption  <■}  x 
ruvs  bv  the  ivt  <  ns  i  f  vinp.  screen  ix  rav  phosphor',  and 
the  energy  -  depend. conversion  c*  absorbed  »:  :.«••• 

ii,t<-  light  phot  <> ts  t  h.r  il'.'.i!  lv  prod-1.  .  !i.. 

ir  .i-e  tesolwt  ion.  w.i.-  i  u..t  ,d  h-.M-.J  or  - t., 


tissue  materials,  also  shown  in  Figure  1  was  used  to 
simulate  the  human  chest  in  experiments.  The  bone  was 
embedded  in  soft  tissue  as  the  rib  or  spinal  cord.  A 
1  cm  soft  tissue  material  on  top  of  6  cm  soft  tissue- 
material  was  used  to  simulate  a  pulmonary  vessel.  The 
imaging  parameters  used  in  the  experiments  are  listed 
in  Table  1.  Each  screen  used  to  combine  with  the 
Lightning  Plus  screen  in  the  single  exposure  technique 
was  a  single  screen  that  was  placed  in  front  of  the 
front  film  (WDR,  Dupont).  According  to  computer 
simulations,  the  copper  filter  used  in  set  1  should  bt- 
increased  up  to  0.78  mm  to  obtain  approximately  the 
same  film  density  (optical  density)  as  that  in  set  2. 
A  resolution  pattern  was  used  to  test  image  resolution 
produced  by  the  screen.  Summary  of  the  comparison 
between  the  two  screen  pairs  is  tabulated  in  Tab  >  2. 

The  speed  of  the  Y2O2S  screen  is  close  to  uiat  of 
the  LaOBr  screen.  According  to  computer  simulations , 
the  Y2O2S  screen  absorbed  half  of  the  energy  absorbed 
by  *-he  LaOBr  screen.  Image  resolution  produced  by  the 
Y2O2S  screen  is  the  same  as  that  by  the  LaOBr  screen, 
however,  the  Y2O2S  screen  produced  a  better  signal-to- 
noise  ratio  The  set  1  screen  pair  offers  greater 
energy  separation  than  does  the  set  2  screen  pair  by 
about  7  keV.  The  S/N  ratio  and  energy  separation  make 
the  set  1  screen  pair  more  favorable  for  the  single 
exposure  technique  than  the  set  2  screen  pair.  The 
LaOBr  screen,  therefore,  was  replaced  by  the  Y2O2S 
screen  in  the  lung  nodule  study.  Imaging  performance- 
parameters.  such  as  image  resolution,  screen  speed,  and 
signal - to-noise  will  be  presented  and  the  results  of 
the  initial  lung  nodule  study  using  a  Humanoid®  chest 
phantom  will  be  shown. 
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Table  1.  Imaging  parameters  used  in  ....  erioencs  . 
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Figure  1.  The  schematic  diagram  of  “he  single  exposure 
technicue  and  the  snar.con  used  in  extender,: s 
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The  X-ray  computed  tomography  (X-CT)  evolution, 
from  the  1st  to  4th  generations,  has  been  achieved  by 
shortening  scan  time  as  well  as  by  improving  spatial 
resolution  (1).  These  improvements  have  required  an 
increased  number  of  detectors  per  machine  with  high 
packing  density.  The  combination  of  a  scintillation 
crystal  and  a  photomultiplier.  applied  in  the  early 
scanners,  has  been  replaced  successively  by  the  gas- 
filled  xenon  detectors  and  by  scintillator-photodiode 
solid-state  detectors. 

The  X-ray  incident  on  the  solid-state  detector  is 
absorbed  by  the  scintillator  and  then  converted  into 
visible  radiation,  which  propagates  up  to  a  photo¬ 
diode  attached  to  the  scintillator  at  the  opposite 
side  from  the  incident  X-ray.  The  photodiode 
converts  the  visible  radiation  into  electric  output. 
Figure  1  shows  a  diagram  of  the  detector. 

Two  scintillation  properties  indispensable  for  X- 
CT  are  as  follows,  i)  little  afterglow  to  avoid  arti¬ 
facts  and  distortions  in  the  final  picture;  short 
scan  limes  coupled  with  high  spatial  lesolution 
require  frequent  sampling  of  detector  outputs  at 
intervals  of  a  few  milliseconds,  ii)  High  sensitivity 
to  lower  the  patient  exposure  dose  and  to  obtain  a 
high  signal  to  noise  ratio  in  the  total  imaging 
system;  the  sensitivity  is  derived  from  high  X-ray 
absorption  coefficient,  high  internal  luminescence 
efficiency  under  X-ray  excitation,  effective 
collection  of  the  emitted  light  by  the  diode  and  good 
spectral  matching  of  the  luminescence  to  the  diode 
response. 

A  CdWO  transparent  crystal  has  been  proposed  for 
the  solid  state  detector  (2).  It  has  advantages  over 
old  alkali  halide  scintillator  crystals,  such  as 
Nal:TI  or  Cs I : T I ,  in  regard  to  less  afterglow,  higher 
X-ray  absorption  cofficients  and  less  hygroscopic! ly , 
though  it  has  a  lower  sensitivity  compared  with  the 
Xenon-gas  detector.  There  aie  possible  candidates 
among  phosphors  with  higher  luminescence  efficiencies 
than  CdWO  (3).  In  fact,  a  Gd_0  S:l’r,Ce,K  powder 
phosphor  was  proposed  for  the  X-CT  Scintillator  (4). 
However,  light  scattering  and,  hence,  low  light 
transmittance  nf  the  powder  layer  leads  to  low  light 
collection  efficiency  in  (he  device  struclurc  as 
shown  in  Fig.l.  Although  a  modified  structure  was 
proposed,  where  the  emitted  light  was  detceled  at  the 
same  side  as  the  incident  X-ray,  it  reduced  the  meni 
of  high  packing  density  of  the  sof id-state  detector 
array.  Single  crystal  growth  was  another  approach  for 
reducing  the  light  scattering.  Undoped  Ud  0.,S  was 
attempted  lo  grow  by  the  high  pressure  mel t ing" method 
under  a  sulfur  atmosphere  (5).  Only  small  crystals 
having  sulfur  deficiency  were  obtained,  however, 
which  did  not  meet  the  delectoi  use  requirements. 

Transparent  ot  translucent  ceramics  may  he  a 
solution  for  the  problem,  as  has  been  shown  by  three 
different  groups  ‘Toshiba  (6).  UK  <7j.  Hitachi  (8'» 
since  last  year.  Recent  progress  in  ceramic 
technology  could  give  translucrnt  boules  of  materials 
whose  single  crystals  are  difficult  to  glow.  UK  has 
already  proposed  various  phosphor  ceramics  for  this 
purpose  in  rt<;  patent  spec  i  f  i  cal  i  on  <Q>.  Ceramics 
have  several  other  merits  over  a  single  crystal,  a 
large  ingot  may  hr*  obtained.  There  ate  iitile 


compositional  segregations  during  manufacturing.  And 
they  are  cut  without  cleavage. 

Sintering  is  usually  achieved  with  the  help  of  a 
small  quantity  of  sintering  agents.  The  agents 
possibly  make  sintering  temperature  low,  but 
sometimes  make  the  luminescence  properties  poor. 
Pressure  application,  such  as  hot  pressing  (HP),  and 
hot-isostat ic  pressing  (HIP>  is  useful  for  making 
dense  ceramics  at  relatively  low  temperatures  even 
without  the  agents.  In  case  of  the  HIP,  a  sealed 
container,  which  prevents  the  material  from 
decomposition  at  high  temperatures,  can  be  utilized. 

Transparent  phosphor  ceramics  could  be  obtained 
for  cubic  phase  materials  having  isotropic  refraction 
indices  such  as  Y203:Eu  and  cub-Gd,,03:Eu  (10).  This 
material  system^"  was  already  proposed  for  X-CT 
application  by  GE  ( 1 1  ) .  Even  in  non-cubic  crystal 
phase  systems  translucent  ceramics  have  been  known 
for  A)203.  ZnO,  etc.  ( 12 > . 

The  authors  found  that  even  translucent  ceramics 
are  applicable  to  the  CT  detectors  shown  in  Fig.  1, 
if  the  diffuse  light  transmittance  is  sufficiently 
high.  The  difference  in  detector  output  linearity  to 
the  incident  X-ray  energy,  in  case  of  the  translucent 
ceramic  scintillator,  from  that  in  the  transparent 
single  crystal,  is  small  enough  for  the  practical 
imaging.  It  was  also  found  that  Gd^SrPr  has  a  high 
luminescence  efficiency  and  little  afterglow, 
sufficient  for  X-CT  use,  even  without  the  Ce  and  F 
additives.  The  authors  have  been  developing  Gd„02S:Pr 
translucent  ceramics  using  the  HfP  (13).  The  phosphor 
powder  was  cold-pressed,  encapsulated  and  sealed  in  a 
metal  container  made  of  tantalum.  Then,  it  was 
pressed  under  typical  condition  of  around  1500''  C 
temperature  and  1000  atmospheres  pressure,  with  argon 
gas  as  the  pressurizing  medium.  Figure  2  shows  a 
view  of  the  HIP  process.  Both  the  container  and 
phosphor  were  deformed  and  contracted  by  the 
pressing.  Dense  ceramic  samples  were  obtained. 
Average  grain  size  was  about  50  micrometers.  Density 
relative  to  that  calculated  from  lattice  parameters 
was  more  than  99.9%.  High  density  and  decrease  in 
pore  quantity  lead  to  low  light  scattering  and, 
therefore,  high  translucence.  Figure  3  demonstrates 
the  translucence  of  the  0.45m«  thick  oxysulfide 
ceramics.  Diffuse  light  transmittance  of  the  ceramics 
is  as  high  as  45%  at  Imm  thickness.  At  the  same 
thickness,  the  transmittance  for  the  CdWO  single 
crystal  is  about  60%,  while  it  is  almost  zero  for  the 
Gd_0.,S  powder  layer  with  average  paiticle  size  of  5 
mi erfime  ters . 

Table  1  summarizes  the  properties  for  the 
oxysulfide  ceramics  and  single  crystal  set nt i I lalor s. 
The  X-ray  absorption  coefficient,  calculated  for 
BOkeV  photon.  for  the  Gd9O^S  ceramics  is  as  large  as 
that  for  CdWO  and  l&rfcer  than  that  for  Csl. 
Helative  spectra?  matching  for  the  ceramics  is 

larger  than  that  for  CdWO  .  Output  values  from  the 
detector  devices,  which  were  assembled  by  ut  aching  a 
scintillator  to  a  Si  photodiode,  were  measured  under 
I20kVp  X-ray  excitation.  The  value  for  the  ceramic 
scintillator  was  1.7  times  greater  than  that  for 
CdWOj.  Afterglow  intensities  at  3ms.  after  pulsed  X 
ray  excitation  for  the  oxysulfide  and  idWO^,  were 
less  than  0.01X.  The  luminescence  efficiency  for  the 
oxysulfide  is  haidly  affected  in  the  ?d  to  50  i 
temperature  range.  On  the  other  hand,  the  values  for 
single  crystals  decrease  severely,  as  temperatuie 
increases  tit)  Thus,  the  Gd.}09S:Pr  ceramics  ate 
superior  to  ihe  CaWO^  single  cFyStal  fm  an  X-CT 
scintillator. 

Translucent  phosphor  m  ji»i<-s  ate  widening  range 
of  choice  fin  (tie  srinlt  I  latm  materials. 
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Table  1  Properties  of  Scintillators 

Gd  0  S:Pr  CdW04  Csl:TI 

Ceramics 

X-ray  absorption. 

coefficient  (cm  )  35  39  18 


Spectral  matching 

factor  vi th  Si  1  .87  1 .01 

pho  tod i ode 
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Fig.  1.  Diagram  of  a  solid-state  X-ray  detector 
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significantly  greater  than  that  of  terbium  free 
glasses  having  an  equivalent  amount  of  trivalent 
cerium  activation.  Cerium  coactivation  of  terbium 
activated  silicate  glasses  also  iudures  the  afterglow 
and  the  susceptibility  to  radiation  damage  of  these 
glasses  under  x-ray  excitation. 

A  weak  Ce[3+]  emission  band  with  its  maximum  at 
420  nm  has  been  observed  in  the  Ce[3+],  Tb[3+]  glasses 
under  254  nm  excitation.  A  broad  Ce(3+]  excitation 
band  (maximum  at  355  nm)  has  been  ob: erved  while 
monitoring  the  Tb(3+1  emission  at  541  nm 

indicating  that  energy  is  being  transferred  from 
cerium  to  terbium  under  IT  excitation. 

To  increase  the  absorption  efficiency  of  luminescent 
glasses,  up  to  35  wt£  of  Cd203  has  been  incorporated 
into  terbium  activated  silicate  luminescent  glasses 
without  devitrification.  A  clear  increase  in 
luminescent  response  was  observed  under  x-ray- 
excitation  (40-400kV  measured)  with  glasses  that 
contain  5  wtZ  Gd203. 
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Ce[3+],  Tb[ 3+1  and  Gd[3+],  Tb[3+]  Activated  Silicate 
X-Ray  Luminescent  Glasses  For  Real-Time  Radiography 

C.  Bueno  and  R.  A.  Buchanan 

Nondestructive  Testing  Technology  Laboratory 
Lockheed  Missiles  and  Space  Company,  Inc. 

815  E.  Middlef leld  Road 
Mountain  View,  Ca.  94043 

Many  types  of  x-ray  real-time  radiographic  imaging 
systems  employ  x-ray  to  light  conversion  screens  as 
the  imaging  medium  { 1 ] •  A  commonly  used  conversion 
screen  is  composed  of  polycrystalline  x-ray  phosphor 
particles  embedded  in  a  binder  that  is  supported  on 
a  mylar  backing  (2].  These  screens  are  similar  to 
some  that  are  used  as  intensifier  screens  in  x-ray 
film  cassettes  [3].  However,  in  real-time  radio¬ 
graphy  no  film  is  used,  and  the  visible  image  that  is 
generated  is  monitored  by  a  low  light  level  TV  camera. 
Although  many  commercial  polycrystalline  x-ray 
phosphor  screens  have  good  x-ray  to  light  conversion 
efficiencies  [4],  the  image  resolution  is  limited  by 
the  light  scatter  among  individual  phosphor  particles. 
Image  resolution  from  the  thinnest  of  these  binder 
filled  screens  is  typically  less  than  15  line 
pairs/mm  (lp/mm)  under  lOOkV  x-rays.  The  use  of 
thicker,  more  attenuating  polycrystalline  screens 
results  in  a  reduction  in  spatial  resolution  while 
the  enhanced  light  trapping  of  the  thicker  screens 
limits  the  luminescence  gains  possible.  Furthermore, 
the  binder  reduces  the  absorption  efficiency  of 
these  screens  because  energy  absorbed  by  the  binder 
does  not  get  transferred  to  the  luminescent  centers 
in  the  phosphor  particles. 


Continuous  transparent  luminescent  glass  plates  offer  4.  For  example.  See  Table  1  on  p.  280,  in  A.L.N. 

solutions  to  these  problems.  Because  the  glass  Steve’s,  and  F.  nnsitp,. 

plates  are  particle  free,  they  do  not  degrade  the  1975. 

resolution  by  transverse  light  scatter  and  can 

typically  resolve  better  than  20  lp/mm  under  lOOkV 

x-ray  excitation  using  a  6-mm  thick  plate.  Thicker 

glass  screens  can  be  used  because  the  light  trapping 

effects  are  significantly  reduced.  The  utility  of 

thick  luminescent  glasses  is  particularly  important 

for  industrial  real-time  radiography  where  high 

energy  (>200kV)  x-rays  are  more  penetrating  and  the 

thin  polycrystalline  screens  more  x-ray  transparent. 

Since  no  organic  hinder  is  required  In  the  glasses, 
theoretically  all  the  energy  that  is  absorbed  can  he 
transferred  to  the  luminescent  centers  in  the  glass. 

Optimized  luminescent  glass  screens  therefore  promise 
improved  contrast  sensitivity,  through  improved 
absorption  efficiency  and  improved  spatial  resolution 
for  x-ray  imaging  applications. 

However,  existing  luminescent  glasses  have  only 
moderate  effective  atomic  numbers  (7.  ■  30)  and  densi¬ 
ties  =  3.0  g/cc)  and  have  lower  intrinsic  x-ray 
to  ILght  conversion  efficiencies  than  crystalline 
x-ray  phosphors  -  properties  that  must  he  maximized 
for  improved  detective  quantum  efficiency.  Addition¬ 
ally,  many  luminescent  glasses  have  been  prone  to 
radiation  damage  (coloration)  and  afterglow 
(background  levels  Increase  with  increasing  dose). 

We  have  developed  improved  luminescent  glass 
compositions  that  have  enhanced  x-ray  absorption 
efficiencies  (enhanced  7.  axtftf  ),  increased  x-ray  to 
light  conversion  efficiencies,  and  reduced  afterglow 
and  radiation  damage. 

.'rival  ent  terbium  activated  glasses  can  he 
"Utivated  with  small  amounts  of  trivalent  lerinm 
ior.s  to  enquire  the  luminescent  response  .if  the'-. 

/lass  ».* under  x-ray  excitation.  Tin  l  .n.inesi  .-:it 
I «  s;--vns  i  V  i  t  V  of  those  o.utlvated  nlo;s  ]  •; 
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THE  DETERMINATION  OF  X-RAY  PHOSPHOR 
SCINTILLATION  SPECTRA 


J.  Beutel  and  D.  J.  Mickish 
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Wilmington#  Delaware  19898 

When  an  X-ray  phosphor  in  an  intensify¬ 
ing  screen  absorbs  an  X-ray  quantum  it 
converts  a  fraction  of  its  energy  to  light. 
Since  the  actual  amount  of  light  varies 
from  one  absorption  event  to  the  next,  the 
conversion  is  characterized  by  a  probability 
distribution,  called  the  scintillation 
spectrum,  which  is  an  important  char¬ 
acteristic  of  a  given  phosphor.  The  mean  of 
this  distribution  is  directly  related  to  the 
speed  of  the  screen/film  imaging  system  and 
its  statistical  moments  enter  into  the 
"optical  information  transfer  factor"  which 
characterizes  the  contribution  of  the  X-ray 
to  light  conversion  process  to  the  Detective 
Quantum  Efficiency  (DQE) ,  which  describes 
the  efficiency  with  which  the  screen 
transfers  the  information  carried  by  the 
X-ray  beam. 

An  apparatus  for  directly  measuring  the 
scintillation  spectrum  of  screen  samples  at 
various  monochromatic  X-ray  energies  has 
been  devised.  An  extremely  low  noise  PMT 
is  used  to  detect  the  light  photons  emitted 
after  an  X-ray  is  absorbed  by  a  1  cm^  screen 
sample  placed  directly  in  front  of  the  PMT. 
The  X-ray  source,  a  60  KeV  Americium  source 
irradiating  various  metal  targets  producing 
secondary  X-ray  emission  in  the  range  from 
17  to  52  KeV,  irradiates  the  screen  sample 
from  a  few  centimeters  behind.  Signal  pro¬ 
cessing  is  performed  on  a  LECROY  3500 
acquisition  and  control  system.  The 
absorption  of  an  X-ray  photon  is  detected 
when  two  pulses  are  received  from  the  PMT 
preamplifier  within  64  ns,  as  detected  by  a 
programable  gate.  This  interval  is 
considerably  shorter  than  that  given  by  the 
shot  noise  frequency  of  the  PMT.  Detection 
of  an  X-ray  absorption  event  causes  a  time 
window,  whose  width  is  adjusted  to  be  equal 
to  the  decay  time  of  the  phosphor's 
luminescence  to  be  opened  and  the  light 
photons  emitted  while  this  window  is  open 
arc  counted.  The  count  is  accumulated  in 
a  multi-channel  scaler  (MCS)  and  the  process 
is  repeated  until  the  8200  channels  of  the 
MCS  have  been  addressed .  The  instrument 
thus  record  the  number  ot  photons  emitted 
for  each  of  8200  X-ray  absorption  events. 

Subsequently  the  data  are  sorted  by 
counting  the  number  of  events  win  *h  gave  the 
lowest  photon  count,  the  next  higher  photon 
count,  etc.  The  resulting  curve'  is 
corrected  for  the  PMT  noise  distribution 
over  the  same*  tine*  period  anti  is  then 
normalized  to  (five  tk«*  scintillation 
spec  t t  urr  a  t ;  d  its  moments. 

The  sent  i  .  1  .itaoi:  sped  i  t  ot  l.auRr  and 
•f  tv;  t  i::t  »:  it--  ;  h*  >rs  have  b-n-.n 

me  «su  r«  •  i . 
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The  Detective  Quantum  Efficiency  of 
Screen-Film  Systems 

Phillip  C.  Bunch, 

Health  Sciences  Research  Division 
Eastman  Kodak  Company 
Rochester,  New  York  14650 

The  technical  and  intuitive  origins  of  the  detective 
quantum  efficiency  (DQE)  of  radiation  detectors  is 
presented  in  some  detail,  including  its  generalization 
to  include  spatial  frequency  dependence  as  proposed 
by  Shaw.jl]  Additionally,  the  basic  components  of 
DQE  for  radiographic  imaging  systems,  sensitome- 
try,  modulation  transfer  function,  and  noise  power 
spectrum  are  discussed  in  simple  terms. 

Finally,  an  analysis  of  the  DQE  and  sources  of  noise 
of  screen-film  combinations  is  presented  in  terms  of 
the  characteristics  of  a  specific  imaging  system,  in¬ 
cluding  X-ray  quantum  noise,  film  noise,  a  residual 
screen  noise  term,  and  the  noise  associated  with  the 
conversion  of  x-rays  to  light. [2] 
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Introduction 

Some  impressive  studies  have  been  made 
on  Va-family  element  based  phosphors  by 
Brixner*  ?,,Blasse  and  Bril'  ,  and  some  other 
scientists.  Among  these  phosphors,  there  are 
tantalate  phosphors,  niobate  phosphors, 
vanadate  phosphors,  and  so  on.  In  the  course 
of  our  study  on  the  emission  characteristics 
of  these  phosphors  under  UV-exc i t at  ion  at  low 
(liquid  nitrogen)  temperature,  an  unusual 
emission  band  was  found  in  Yttrium  Strontium 
Tantalate  phosphor  (Fig-1).  This  fact  caught 
our  keen  attention,  and  the  focus  of  our 
efforts  was  placed  particularly  on  Yttrium 
Strontium  Tantalate  phosphors.  After 

experiments ,  it  was  found  that  some  types  of 
Yttrium  Strontium  Tantalate  phosphors  (Nb- 
doped  or  non-doped)  had  highly  promising 
features  under  X-ray  excitation.  I  n  this 
paper,  experimental  results  on  Yttrium 
Strontium  Tantalate  phosphors  are  presented 
mainly  by  comparing  with  Yttrium  Tantalate 
phosphor  which  has  been  recognized  as  one  of 
the  best  phosphors  for  X-ray  applications. 

Results  and  Discussioi is 

Y 0 . 8 Sr0  3 TaO 4  phosphor,  hereafter  called 
YST-3,  shows  throe  emission  bands  when  the 
temperature  is  changed  from 
25  °  C  to  - 190°C  ( Fig. 1 ) . 

Asht -  Emission  band  at  around  325-340  nm 

A  -  Emission  band  at  around  395-410  nm 

\  Emission  band  at  around  460-480  nm 

YTaQ,,  phosphor,  hereafter  called  YT,  has  only 
two  emission  bands,  ASHT  and  A hz:  (Fig-2). 
These  facts  suggest  that  there  is  a  basic 
difference  in  emission  mechanism  between  YT 
and  YST.  This  new  finding  was  interesting 
enough  to  put.  more  R/D  efforts  into  the  study 
of  Yi -it  Jys  ryTa04  phosphors  (YST).  After 
some  experiments,  some  of  YST  phosphors  were 
confirmed  to  have  very  promisinq  features 
particularly  under  X-ray  excitation. 

Fig- 3  shows  the  emission  spectra  for  YT 
and  various  YST  phosphors  with  different  Sr 
content.  It  is  important  to  notice  that 
YST- 1  has  considerably  higher  efficiency  than 
YT .  Subtraction  of  spectra  was  made  between 
YST  2  and  YT.  It  is  generally  believed  that 
YI  doer,  not  have  XKEr.  emission  at  loom 

temperature.  According  to  the  result  oj 
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Fig-5  shows  that  YST  has  subs  tant  ial  1  y 
different  afterglow  character ist ics  from  YT. 
This  also  suggests  that  YST  has  different 
emission  mechanism  from  YT.  For  practical 
use,  it  is  also  advantageous  that  afterglow 
diminishes  more  quickly. 

Fig-6  is  a  comparison  of  emission 
spectra  between  YT  and  YST  when  Nb  is  doped. 
When  YTN-1  and  YSTN-l  are  compared,  YSTN-1 
has  much  higher  XMEr,  emission  than  YTS-1.  As 
it  was  pointed  out  in  Fig-3  and  Fig-4,  YST 
phosphors  have  extra  emission  band  AhEC  which 
does  not  exist  in  YT  phosphor.  This  seems  to 
be  ture  for  Nb-doped  system,  too.  In  Fig-6, 
it  is  also  observed  that  YSTN-3  has  much 
higher  efficiency  than  YTN-3.  This  fact  is 
also  very  important  for  the  practical 
application  of  this  phosphor. 

Conclusions 

Among  various  Yttrium  Alkaline  Earth 
Metal  Tantalate  phosphors,  we  primarily 
concentrated  our  efforts  on  the  study  of 
Yttrium  Strontium  Tantalate  (Nb-doped  and 
non-doped).  In  this  paper,  we  simply 
presented  t  lie  data  which  we  had  collected 
from  our  experiments.  Through  these 
experiments,  wo  became  certain  that  some  new 
emission  mechanism,  which  does  not  exist  in 
Yttrium  Tantalate  phosphor,  is  working  in 
Yttrium  Strontium  Tantalate  phosphors. 
However,  the  theoretical  reasoning  for  this 
new  emission  mechanism  will  be  left  for 
further  study  in  the  future.  It  is  our 
sincere  hope  that  these  Yttrium  Alkaline 
Earth  Metal  Tantalate  phosphors  will 
contribute  to  open  new  opportunity  in  the 
improvement  of  X-ray  film/ screen  systems. 
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X-Ray  Excited  Luminescence  Spectroscopy  of  Activated 
and  Unactivated  Tantalatea 

M.  K.  Crawford5,  L.  H.  Brixner1,  K.  Somaiah1’  and  G.  Blasse2 

*E.  I.  du  Ponf  da  Nemours  &  Co.,  Experimental  Slalion,  Cenlral 
Research  &  Development  Department.  Wilmington.  DE  19098  USA 

2Physical  Laboratory,  University  Utrecht.  PO  Box  80.000,  3508  TA.  The 
Netherlands 

Activated  YTa04  In  the  M  structure  (P2/a  space  group)  Is  an 
excellent  commercial  X-ray  phosphor  used  for  medical  Imaging.1  Here 
we  describe  X-ray  excited  luminescence  spectroscopy  of  this  system 
and  isomorphic  LuTa04  activated  with  various  transition  metal  and  rare 
earth  ions. 

Luminescence  was  excited  with  X-rays  from  an  Mo  X-ray  tube 
operated  at  30  kV  and  20  mA  Single  photon  counting  detection  was 
employed.  Sample  temperatures  were  varied  between  290  K  and  2  K 
using  a  pumped  liquid  He  cryostat  equipped  with  X-ray  transparent  mylar 
and  polyethylene  windows.  Suprasil  windows  permitted  the  ultraviolet 
(UV)  and  visible  light  to  reach  the  detection  system. 

In  Figure  1  we  show  the  X-ray  excited  luminescence  spectra  of 
LuTa04  activated  with  several  rare  earths.  The  broad  band  emission  at 
330  nm  originates  from  charge  transfer  excitation  of  the  TaOg  group  2 
In  Figure  2  we  display  a  schematic  energy  level  diagram  lor  the  TaOg 
group  The  lowest  excited  states  are  the  1T2,  *Ti  and  3T2.  3Ti  states 
The  emission  arises  from  the  3T  levels  and  Is  spin  forbidden.  Due  to  the 
large  amount  ot  spin  orbit  coupling  expecled  tor  Ta  the  excited  triplet 
stales  will  have  appreciable  admixture  ol  singlet  character,  relaxing  the 
spin  selection  rule  AS  -  O  (The  relatively  short  emission  lifetime  seen 
In  M  type  YTa04  Is  almost  certainly  due  to  the  spin  orbit  coupling  of 
Ta3). 

Trie  T5.000  cm'1  shift  In  energy  lor  JaOs  emission  (330  nm)  vs. 
absorption  (220  nm)  is  due  to  two  causes:  1)  the  difference  Is  energy 
between  the  1T2,  and 3T2. 3Tj  states  and 2)  the  change  In  Ta06 
geometric  conliguralion  in  the  excited  vs.  ground  state.  (The  second 
factor  gives  rise  to  the  Stokes  shift).  It  there  is  a  large  geometry  change 
in  the  Ta06  group  in  the  excited  state  (3T2.  3Ti)  then  the  excitation 
energy  will  be  trapped  and  cannot  migrate  through  the  TaO$  sublattice. 
If  there  Is  little  geometry  change  then  the  energy  may  undergo  migration 
as  a  triplet  excitation,  via  exchange  interactions,  perhaps  with  some 
contribution  due  to  dipole -dipole  interaction  permitted  by  spin  orbit 
coupling.  It  seems  most  Ikely  that  energy  migration  within  the  TaC>6 
sublattice  does  not  readily  occur,  particularly  a!  tow  temperatures. 

It  can  be  seen  In  Figure  1  that  energy  transfer  from  Ta06  to  rare 
earths  proceeds  readily,  but  with  an  efficiency  which  depends  upon  the 
particular  rare  earth.  This  variation  arises  trom  the  different  possible 
mechanisms  for  energy  transfer  from  Ta06  to  the  rare  earth.  I.e. 
exchange  and  dipole-dipole  (Forster).  Since  the  distances  over  which 
these  Interactions  are  effective  are  Quite  different  (<5A  for  exchange  vs. 
up  to  ~30A  lor  dipole  dipole),  the  relative  importance  of  each  can 
dramatically  affect  the  energy  transfer  (host  to  activator)  efficiency. 
Furthermore,  the  degree  to  which  the  host  and  activator  energy  levels 
are  resonant  Is  aiso  an  Important  factor.  The  energy  transfer  efficiency 
can  be  qualitatively  explained  by  these  considerations. 

in  Figure  3  we  display  the  X-ray  excited  luminescence  spectra  of 
Y0.99Gd0.0lTaO4,  LuTa.995Ti.o05C>4.  and  LuTa04:Gd,Nb.  In  all 
cases,  energy  transfer  from  TaOg  to  the  various  activators  occurs 
efficiently.  Tl  and  Nb  are  both  broad  band  emitters,  whereas  the  Gd3* 
emission  arises  from  the  ®P7/2  —  >  ®S7/2  (f— >f)  transition  In 
YTa04:Gd  there  is  also  Gd3*  emission  originating  In  the  higher  lying  ®l 
levels  at  about  280  nm.  These  levels  are  easily  excited  by  X-rays  and.  In 
fact,  the'd  Is  some  evidence  lor  emission  from  the  even  higher  *>D 
energy  levels  near  250  nm  (40,000  cm'1). 

Finally,  in  Figure  4  we  show  the  luminescence  spectra  of 
YTa04:Gd.  LuTaC>4  Gd.Nb  and  LuTaOa.TJ  at  2K  In  all  cases  efficient 
activator  luminescence  Is  seen.  Indicating  that  thermally  activated 
energy  migration  within  the  tantalate  sublaftlce  Is  not  the  dominant 
pathway  tor  energy  transfer  lor  the  activator  concentrations  studied 
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Figure  1  Room  tempeialure  x  ray  excited  luminescence  spectra  ol 
luT aOt  activated  with  various  rare  earths  The  t*oad  bar** 
at  330  nm  is  Are  to  Ta06  charge  transfer  emission 


a  2  Schematic  energy  level  ciagram  tor  Ta06  group.  Crystal 
field  and  spin-orbit  splittings  are  not  Included. 
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Figure  4  X-ray  excited  luminescence  spectra  ol  YTaCU  aod  LuTa04 
with  various  activators  at  2K. 


Room  temperature  x-ray  excited  luminescence  spectra  ol 
YTa04  and  LuTa04  with  various  activators 
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LUMINESCENCE  AND  RADIOGRAPHIC  PERFORMANCE  OF 
YTTRIUM/LANTHANUM  TANTALATES 


W.Zegarski*  and  L.H.Brixner+ 

E.i.du  Pont  de  Nemours&Co . , inc . 

+  Central  Research  and  Development 
*  Imaging  Systems 
Towanda,  Pa.  18848 

INTRODUCTION 

The  high  density  and  x-ray  to  light  conversion 
efficiency  of  phosphors  based  on  the  tantalate 
anion  make  this  class  of  materials  well  suited 
for  use  in  intensifying  screens.  Although  only 
the  yttrium  compound  has  been  found  to  be  com¬ 
mercially  acceptable,  the  use  of  other  cations 
results  in  phosphors  which  may  also  be  useful 
diagnostically.  Lanthanum  tantalate  is  one  of 
these  materials  which  we  have  studied.  The  k- 
edges  of  this  material  make  it  attractive  for 
increased  x-ray  absorption  (fig.l). 


-  Tttrii*  !«ntal«ta 

—  mrtw/UnthawH  T*rt«itU 
-  LintMun  Tnt»i*u 


EXPERIMENTAL  SECTION 

A  series  of  formulations  was  prepared  in  which 
lanthanum  was  substituted  for  yttrium  at  1  to 
50°/m.  Niobium  was  used  as  the  activator  at  a 
constant  0.02%  level.  The  constituent  oxides 
were  thoroughly  blended  with  lithium  sulfate 
and  fired  in  air  at  1200°c.  Removal  of  the 
flux  gave  white  powders  which  were  character¬ 
ized  for  both  physical  and  radiographic 
properties . 

RESULTS  AND  DISCUSSION 

Scanning  electron  microscopy  showed  no  dif¬ 
ference  in  phosphor  morphology  as  a  function 
of  substituting  lanthanum  for  yttrium,  x-ray 
diffraction  results  indicate  that  lanthanum  is 
soluble  in  the  host  up  to  10%.  Beyond  this 
level,  two  phases  are  present.  To  test  radio- 
graphic  performance,  the  samples  were  disper¬ 
sed  in  binder  solutions  from  which  films  of 
varying  thicknesses  were  cast.  Phosphor  effi¬ 
ciency  was  measured  at  70  kvp.  The  results  are 
shown  in  figure  2. 
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Figure  2.  Screen  Speed/Weight  Dependence 


Fig.l.  X-Ray  Absorption  of  Tantalate  Phosphors 


The  La  edge  at  38.9keV  adds  to  that  of  Ta  at 
67.5  which  results  in  higher  aosorption 
compared  to  that  cf  the  yttrium  compound.  A 
deficiency  related  to  the  use  of  this 
phosphor,  however,  is  its  low  conversion 
efficiency  when  compared  to  that  of  yttrium 
tantalate.  To  determine  if  the  ability  of 
lanthanum  tantalate  to  convert  absorbed  x-rays 
to  light  could  be  improved,  the  solubility  of 
lanthanum  in  yttrium  tantalate  was  examined. 


Quadratic  fits  of  speed  to  screen  coating 
weight  show  changes  occur  at  lanthanum  levels 
between  5  and  10%,  which  are  probably  due  to 
the  formation  of  the  second  phase.  Prompt  to 
lag  ratio  was  found  to  vary  with  La 
concentration.  It  ranges  from  0  from  for  the 
base  case  to  2.2  for  50%  suhsti tut ion . 

CONCLUSION 

Lanthanum  is  soluble  in  yttrium  tantalate  at 
between  5  and  10%  of  the  cation  concentration. 
The  formation  of  two  phases  beyond  the 
solubility  limit  is  accompanied  by  changes  in 
radiographic  performance. 
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_ I ligh- speed  Stimulablc  P hosplior  X •  ray  Pete c tor 
for  Computed  Rad i ography 

C.  Umemo  to,  A. K j  tada, K. Takahashi , T. fla tsuda 

!•  u  j  i  Photj  film  Co., Ltd.,  Miyanodai  Development 
Center,  Kaiseimachi ,Ashigarakamigum.Kanagawa, 

258  Japan 

(1)  Introduction 

BaFX(X  Ci.Br.l)  crystals  have  the  tetragonal 
structure  of  PbFCl  and  two  types  of  F  centers, F  (F  ) 
and  F(X“),can  be  created  by  X-ray  exposure.” 

It  has  been  shown  that  these  centers  turn  out  to 
be  the  photostimulable  luminescence  (PSL)  centers*’ 
and  that  the  excitation  and  photostimulation  in 
BaPXrEu  are  caused  by  the  processes  of  Eu**^=  Eu3’ 
and  f;  +  -centers  -  F. 3>  **  5> 

Fuji  Computed  Radiography  (  CR  )  systems  is  a 
digital  image  acquisition  and  processing  system  for 
static  projection  radiography  by  utilizing  this  PSL 
phosphor  in  the  image  receptor  named  Imaging  Plate, 

(  IP  ).4) 

The  new  IP  has  been  developed  by  utilizing  the 
iiieh-speed  PSL  phosphor. 

In  this  paper, the  PSL  charac ter  is tirs  of  it  are 
presen  ted. 

(2)  Fxper i men ta 1  Results 

The  integrated  PSL  intensity  as  a  function  of  the 
excitation  laser  energy  is  shown  in  Fig.i. 

The  normalized  decay  curve  of  the  PSL  intensity  is 
shown  in  Fig. 2.  which  suggests  that  the  optical 
cross  section  for  PSL  in  the  highspeed  IP  is  not 
improved  compared  with  the  previous  one. 

(3)  Discuss i on 

D.  fl.de  Leeuw  el  al.7*  have  already  reported  that 
large  improvements  in  optical  cross  section  for  PSL 
in  BaFBr:Eu  phosphors  are  improbable.  Our  results 
does  not  conflict  with  t he i r s . 

However,  the  integrated  PSL  intensity  of  the  new 
IP  is  about  1.0  times  larger  than  that  of  the 
previous  one  in  case  of  the  same  stimulating  laser 
energy. 

That  is  to  say,  the  concen tra t ion  of  electrons 
trapped  at  F -centers  dose  increase  in  the 
high-speed  IP. 

Owing  to  this  high  sensitivity,  the  image  noise 
due  to  the  fluctuation  of  the  detected  luminescent 
photons  has  been  decreased. 

By  refining  the  constitution  and  the 
configuration  of  the  IP  in  addition  to  the 
improvement  of  the  sensitivity,  the  root  mean 
s-.uaro  value  for  the  total  noi^o  of  the  CR  system 
is  lowered  about  15  X  for  in  exposure  of  0.5  mU 
(70kvp,2mm  Al  filtration)  by  this  high -speed  IP. 


Fig.i  The  integrated  PSL  intensity  as  a  function 
of  the  excitation  laser  energy 


Decay  time  (  A.U  ) 


Fig. 2  The  decay  curve  of  the  PSL  intensity 
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PROPERTIES  OF  RbX: T1 ( X=Br , I ) 
PHOTOSTIMULABLE  PHOSPHORS 
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THE  KONICA  DIRECT  DIGITIZER 

In  the  field  of  medical  image  diagnosis, 
digital  image  processing  technology  is  be- 
comming  popular  in  the  effort  to  realize 
greater  diagnostic  efficacy.  It  is  an  indis¬ 
pensable  technology  for  the  purpose  of  effi¬ 
cient  managing  and  archiving  of  medical  image 
imforma t ion. 

The  Konica  Direct  Digitizer(KDD) ,  no w 
under  development,  is  an  x-ray  image  captur¬ 
ing  unit  which  uses  an  x-ray  detector  com¬ 
posed  of  a  RbBr:Tl  photost imu lable  phosphor. 

A  schematic  diagram  of  the  KDD  is  shown 
in  Fig.l.  When  the  photost imul able  phosphor 
detector  is  exposed  to  x-rays,  it  temporarily 
stores  the  absorbed  x-ray  energy  pattern. 
Then,  when  scanned  with  a  focused  laser  diode 
(780nm),  it  emits  photost imul ated  Iumines- 
cence(PSL)  whose  intensity  is  in  direct  pro¬ 
portion  to  the  absorbed  x-ray  energy.  The 
PSL  is  detected  by  a  photomultiplier  tube  and 
is  converted  to  a  time-series  digital  signal 
by  an  ana log-to-d ig i ta 1  converter.  The  data 
are  taken  into  the  frame  memory  of  a  control¬ 
ler,  then  displayed  as  a  visible  image  on  a 
CRT.  After  scanning,  the  detector  is  exposed 
to  a  halogen  lamp  in  order  to  erase  the  re¬ 
maining  x-ray  energy.  Repeating  this  proce¬ 
dure,  the  detector  can  be  used  again  and 
aga i n. 


Rb'<:  T1  PHOTOSTIMULABLE  PHOSPHORS 

The  key  to  the  KDD's  features  of  high 
image  quality,  high  sensitivity,  and  short 
readout  time  is  the  use  of  RbX:Tl  photostimu- 
lable  phosphors  rather  than  BaFBr:Eu  or 
others . 

RbX:Tl  have  shown  several  advantages: 

1)  The  phosphor  layer  can  be  produced 
by  evaporation, 

2)  It  is  suited  to  laser  diode  stimu- 
1  at  ion  ( 780nm) , 

3)  The  PSL  decay  time  is  very  short, 
and 

4)  Remaining  x-ray  energy  can  easily 
be  erased  by  exposure  to  light. 

With  a  RbBr:Tl  detector,  x-ray  images 
are  excellent  because  the  phosphor  layer  can 
be  produced  uniformly  by  evaporation  so  that 
there  are  few  structure  mottles.  Under  appro¬ 
priate  evaporating  conditions,  the  phosphor 
layer  consists  of  crystal  pillar-shaped  block 
structures,  so  that  laser  beam  scattering  is 
supressed,  which  allows  a  highly  sharp  x-ray 
i mage . 


Sensitivity  and  readout  time  are  also 
improved  through  the  use  of  RbXiTl.  The 
problem  exists  that  sensitivity,  as  a  direct 
result  of  a  s  ig na 1 -to-noise  ratio,  and  read¬ 
out  time  are  conflicting  characteristics.  In 
order  to  improve  both,  PSL  intensity  must  be 
increased,  while  the  limit  to  shortning  read¬ 
out  time  must  be  minimized. 

PSL  intensity  can  be  raised  by  increas¬ 
ing  laser  power  (Fig. 2).  This  is  more  easily 
done  with  a  laser  diode  than  a  He-Ne  laser, 
and  with  the  added  advantages  of  smaller  size 
and  lower  cost.  RbBr:Tl  allows  this  because 
its  stimulation  spectrum  is  suited  to  laser 
diode  stimulation. 

Shortning  readout  time  is  limitted  by 
PSL  response.  In  Fig. 3,  the  PSL  decay  time 
of  RbBr:Tl  is  shorter  than  that  of  BaFBr:Eu, 
allowing  readout  time  to  be  shortened.  We 
found  through  simulation  that  scanning  speed 
using  RbBriTl  can  be  increased  up  to  150  m/s 
without  degrading  modulation  transfer  func¬ 
tion,  which  means  the  readout  time  of  2000* 
2000  pixels  could  potentially  be  shortened 
down  to  about  10  seconds. 

While  RbBriTl  has  displayed  strong  ad¬ 
vantages  over  other  non-RbX:Tl  phosphors, 
our  most  recent  work  has  suggested  that  our 
system  might  further  be  improved  by  the  use 
of  RbI:Tl.  As  seen  in  Fig. 4,  the  RbI:Tl 
shows  a  stimulation  spectrum  even  more  appro¬ 
priate  to  a  laser  diode  than  RbBriTl.  And 
its  x-ray  absorption  coefficient  is  higher, 
further  increasing  PSL  intensity.  At  the 
same  time,  RbI:Tl  decay  time  and  laser  diode 
power  dependence  have  been  verified  as  vir¬ 
tually  the  same  as  RbBr:Tl,  and,  like 
RbBriTl,  RbT:Tl  can  be  produced  through  evap¬ 
oration.  While  obstacles  still  exist  to  its 
use,  RbI:Tl  promises  to  allow  further  refine¬ 
ment  of  the  KDD. 


CONCLUSION 

The  KDD  now  under  developement  has  de¬ 
monstrated  the  advantages  of  using  RbX:Tl 
phosphors  (both  RbBriTl  and,  potentially, 
RbI:T])  to  achieve  high  image  quality,  high 
sensitivity,  and  short  readout  time  in 
digitalized  x-ray  image  capture. 


relative  intensity  of  PSL 
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MEASUREMENT  SYSTEMS  FOR  THE  CHARACTERIZATION  OF 
PHOTOSTIMULABIE  PHOSPHORS  ANO  STORAGE  PHOSPHOR 
SCREENS  FOR  X-RAY  IMAGING. 

L.  Struye 

Apfa-Gevaert  N.V.,  B-2510  Mortsel,  BelRlum 

The  Image  quality  of  a  photostimulated  X-ray 
storage  screen  is  not  only  dependent  upon  the 
properties  of  the  photostlmulable  phosphor,  but 
also  on  its  incorporation  into  a  screen. 

Equipment  has  been  built  to  determine  the 
intrinsic  properties  of  a  photostimulable  phosphor 
and  screen  properties  affecting  image  quality. 
Photostimulable  phosphors  have  been  characterised 
by  the  prompt  emission  spectra  their  conversion 
efficiencies,  their  stimulation  energies  at 
different  wavelengths,  their  response  times,  their 
stimulation  spectra  and  their  evolution  after 
excitation,  their  decay  charactei istlcs  after 
photostimulation  and  their  dark  decay 
characteristics.  Storage  properties  have  been 
characterized  by  the  sensitivities,  sharpness 
(SWR  and  MTF)  and  signal  to  noise  ratios  of  the 
phosphors. 

The  conversion  efficiency  and  stimulation 
energy  of  photostimulable  phosphors  have  been 
determined  by  preparing  a  phosphor  screen  using 
the  minimum  amount  of  mechanical  energy,  then 
Irradiating  the  screen  with  a  known  X-ray  dose  and 
then  stimulating  a  small  area  of  the  phosphor 
screen  with  a  focused  laser  beam.  The  intensity 
of  the  emitted  light  is  monitored  with  a  digitiser 
and  is  exponential  with  time.  The  Integral 
beneath  this  curve  gives  the  conversion  efficiency 
of  the  phosphor  (the  total  light  emitted  by  the 
phosphor/unit  area/X-ray  dosage)  and  the  product 
of  the  time  required  to  reduce  the  stored  energy 
to  1/E  of  Its  initial  value  and  the  laser 
Intensity  gives  the  stimulation  energy.  The 
stimulation  spectrum  is  determined  by  scanning 
with  monochromatic  light  from  a  lamp  in  the 
spectral  region  of  Interest.  The  intensity  of  the 
stimulating  light  is  so  low  that  the  energy  stored 
in  the  phosphor  is  not  significantly  changed 
during  the  measurement. 

The  response  time  is  measured  by  stimulating 
the  phosphor  with  short  laser  pulses.  Pulses  with 
a  risetimc  of  15  ns  „eie  achieved  with  an  acousto 
optical  modulator.  The  detecting  photomulitpl ler 
and  amplifier  has  a  risetime  of  35  ns.  The  curve 
is  an  exponential . 


The  dark  decay  was  monitored  by  measuring  the 
emitted  light  intensity  obtained  by  stimulating 
the  phosphor  with  very  low  intensity  short  pulses 
with  a  light  emitting  diode  at  30  minute 
Intervals.  Between  pulses  the  phosphor  is  left  in 
complete  darkness. 

The  total  pulse  energy  which  is  given  by 
multiplication  of  intensity  with  the  pulse  length 
is  so  low  that  the  decrease  in  stored  energy 
during  the  measurement  is  insignificant.  This 
measurement  normally  takes  15  hours. 

A  laser  scanner  was  built  for  the  screen  image 
qua.ify  measurements.  A  1 40  pm  focused  laser 
beam  is  scanned  over  the  screen  with  a  speed  of 
1000  n  Inches/s  after  prior  X-ray  irradiation 
through  a  lead  raster.  This  raster  contains  two 
references  areas  and  bars  with  different  spatial 
frequencies.  The  phosphor  is  then  excited  with  a 
square  wave  with  the  frequency  changing  from 
0,5  lp/mm  to  3  lp/mm.  The  amplitude  of  the  signal 
as  a  function  of  space  frequency  gives  the 
coordinates  with  which  the  square  wave  response 
can  be  calculated.  The  signal  to  noise  ratio  is 
determined  by  exciting  the  phosphor  screen  with  a 
uniform  X-ray  intensity.  The  laser  scanner  is 
used  to  read  out  one  line  and  the  curve  is 
corrected  with  the  sensitivity  curve  of  the  light 
collection  unit  of  the  scanner. 

The  noise  is  separated  from  the  signal  using  a 
digital  filter  and  the  signal  to  noise  ratio 
calculated  in  dB  from  the  energy  of  the  two 
signals. 
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Divalent  europium  activated  barium  fluoro 
bromide  (BaFBr:Eu^+)  has  been  a  central 
focus  in  the  development  of  filmless  radio¬ 
graphy  system  which  is  popularly  known  as 
Digital  Radiography.  Several  articles1-3 
have  described  the  preparation  and  photostim- 
ulated  luminescence  emission  (PSL)  phenomenon 
in  this  phosphor.  The  primary  object  in  the 
development  of  this  phosphor  is  to  replace 
the  costly  film  in  radiography  application 
and  use  the  photostimulable  phosphor  screen 
as  image  forming  media.  The  image  forming 
process  is  separated  into  two  parts  as  exci¬ 
tation  and  stimulation.  During  the  excita¬ 
tion  stage  the  phosphor  screen  is  exposed  to 
x-rays,  thereby  capturing  a  latent  image  of 
the  subject.  The  phosphor  screen  is  then 
stimulated  with  a  suitable  vi s ible/ inf ra red 
radiation  of  a  known  wavelength  to  cause  the 
emission  of  the  luminescence  at  its  charac¬ 
teristic  wavelength  (in  this  case  388  nm)  . 
In  an  actual  device  the  x-ray  exposed  phos 
phor  screen  is  rastered  pixel  by  pixel  with 
a  laser  beam  of  suitable  wavelength  and  the 
resulting  luminescence  is  detected  and  manip¬ 
ulated  to  obtain  an  image.  In  order  to 
obtain  good  quality  images  the  phosphor  is 
required  to  have  high  x-ray  absorption,  good 
energy  storage,  high  PSL  emission  and  short 
PSL  persistence.  Several  synthetic  manipula¬ 
tions  are  made  to  obtain  a  high  performance 
PSL  phosphor.  Some  of  these  aspects  will  be 
d i scussed . 


EXPERIMENTAL 

Powder  samples  of  BaFBr:Eu  are  prepared  at 
about  900  °  c  using  different  sources  of 
bromine  and  europium  to  achieve  high  PSL 
brightness  to  the  phosphor.  Small  amounts 
(0.02-0. OS  moles)  of  magnesium  and  strontium 
in  the  form  of  halides  have  been  doped  in  to 
the  system  during  the  synthesis  to  improve 
the  PSL  luminescence.  PSL  measurements  are 
performed  on  a  DigiRad  measurement  device. 


RESULTS 

Phosphor  samples  prepared  with  thi6  proce 
dure  have  a  final  composition  of  Bao.94i 
Sr0.012M<!0.02bF:u0.0018FBr  •  The  absorption 
spectral  peak  (2/0  nm)  of  this  phosphor 
corresponds  with  the  excitation  maximum. 
The  emission  spectra  of  the  phosphor  with 
U.V.  excitation  and  an  well  as  x-ray  excita 
f.  inn  indicated  a  maximum  at  around  388  nm 
indicating  blue  emission.  The  PSL  emission 
of  the  pre  x  ray  exposed  phosphor  samples 
been  iiteasu  l  eri  by  stimulating  with  stimu 
lating  radiations  of  different  wavelengths 


ranging  from  565  nm  through  890  nm.  The  phos¬ 
phor  sample  that  has  been  stimulated  with  a 
585  nm  wavelength  stimulating  radiation  has 
given  out  the  maximum  amount  of  light  output 
compared  to  the  phosphor  sample  that  has  been 
stimulated  with  widely  noted  633  nm 
ing  radiation.  The  following  table  shows  the 
PSL  emission  intensity  improvements. 


TABLE  I 


PSL  EMISSION 
(Arbitrary  Units) 


565 

234 

505 

244 

633 

170 

660 

105 

890 

1 

S.R.W.  =  Stimulating  Radiation  Wavelength 


Various  BaFBr : Eu  phosphor  samples  synthesized 
have  demonstrated  variations  in  their  PSL 
emission  and  screening  performances  depending 
on  their  synthetic  atmosphere  conditions, 
particle  size  of  the  phosphor,  activator  and 
dopant  concentrations.  A  study  indicated 
that  the  addition  of  0.025  moles  of  magnesium 
and  0.03-0.035  moles  of  strontium  in  che 
phosphor  resulted  in  a  high  PSL  emission 
efficiency.  The  PSL  output  has  also  been 
found  to  increase  as  the  average  size  of  the 
phosphor  increases.  An  optimum  average 
particle  si2e  of  8-11  v  has  been  found  to 
give  a  brighter  PSL  phosphor  with  good 
screening  characteristics.  It  is  also  found 
that  the  BaFBr : Eu  phosphor  has  demonstrated  a 
large  PSL  emission  reduction  on  deagglomera¬ 
tion/milling  procedures  that  is  not  intensely 
effected  with  normal  x-ray  phosphors. 

One  of  the  last  steps  in  the  phosphor  prepara¬ 
tions  is  the  washing  of  the  final  product. 
It  has  been  found  that  BaFBr:Eu  PSL  phosphor 
is  very  sensitive  to  water  and  only  organic 
solvents  (such  as  alcohols)  have  to  be  used 
for  washing  purposes.  A  simple  test  of 
stirring  10  gm  of  BaFBrrEu  phosphor  in  50  ml 
water  for  30  sec.  indicated  a  50%  reduction 
in  its  PSL  emission  intensity.  X-ray 
diffraction  of  this  sample  indicated  the 
presence  of  BaF2  and  BaFBr :Eu  suggesting  that 
a  considerable  amount  of  the  phosphor  when 
stirred  in  water  has  been  decomposed. 

Based  on  the  experimental  data  it  is  believed 
that  the  BaFBr : Eu  photostimulable  phosphor  is 
a  very  delicate  material  to  prepare  although 
it  is  the  only  phosphor  that  has  produced 
good  quality  radiographs  in  the  filmless 
rad  iography . 
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Introduction 

Recently  a  new  medical  X-ray  diagnostic 
system  has  been  introduced  based  on  photosti- 
mulable  phosphor  films  replacing  the  conven¬ 
tional  film-screen  system.  The  X-ray  storage 
phosphors,  utilized  commercially,  are  the 
Europium  doped  alkali-earth  halide  BaFBr  and 
the  Thallium  doped  alkali  halide  RbBr.  During 
X-ray  irradiation  a  dose  proportional 
information  is  stored  in  the  phosphor  in  the 
form  of  locally  trapped  electron/hole  pairs. 
Electrons  are  found  in  F-centers,  whereas 
holes  are  captured  by  the  dopants.  Takahashi 
et  al .  [If  2]  offered  a  model  describing  the 
information  recovery  by  a  direct  ionization 
of  the  F-center  (F  +  hv.  — >  F-  +  e~),  fol¬ 
lowed  by  a  transport  of  the  excited  electron 
in  the  conduction  band  and  a  subsequent 
recombination  of  this  electron  with  the 
ionized  dopant.  In  this  study  we  address  the 
charge  transfer  mechanism  during  photostimu¬ 
lation  in  both  materials  and  partially  revise 
the  Takahashi  picture. 

Experimental  results 

Measured  stimulation  spectra  of  both  materi¬ 
als  agree  with  published  data  of  BaFBr :Eu  by 
Takahashi  et  al.  (1,2]  and  of  RbBr : Tl  by 
Amitani  et  al.  [3].  For  the  latter  material 
coincidence  between  the  stimulation  spectrum 
and  a  published  F-center  absorption  spectrum 
[4]  was  found.  Since  the  same  result  was  al¬ 
ready  shown  in  the  case  of  BaFBr : Eu  [1,2]  we 
confidently  assume  that  the  stimulation 
spectrum  for  both  materials  has  its  origin 
in  the  F-center  absorption.  The  observed 
emission  can  be  attributed  to  the  charactri- 
stic  emission  of  the  activators  Eu  and  Tl, 
respectively.  In  case  of  the  Europium  the 
emission  corresponds  to  the  4fs5d  -->  4f7 

transition  of  the  Eu2*  and  in  Tl  it  seems  li¬ 
kely  to  be  a  transition  in  the  Tl*  ion. 

To  understand  the  charge  transfer  mechanism 
from  the  F-center  to  the  activator  we  conduc¬ 
ted  time  resolved  experiments  from  4.2  K  to 
420  K.  The  measurements  were  performed  by 
illuminating  X-ray  irradiated  and  nonirradia- 
ted  samples  with  a  10  ns  flashlamp  pulse 
(Nanolite,  Impulsphysik )  through  optical  fil¬ 
ters  at  appropriate  wavelength  which  depend 
on  the  type  of  experiment  to  be  conducted. 
The  resulting  photoluminescence  (PL)  or  pho¬ 
tos  timulable  luminescence  (PSL)  was  detected 
with  a  photomultiplier  (S  11  cathode.  Thorn 
EMI)  through  a  combination  of  bandpass  fil¬ 
ters  matching  the  emission  spectrum  in  order 
to  separate  the  exciting  from  the  emitted 
wavelength . 

To  gain  inside  into  the  ongoing  processes 
during  and  after  optical  stimulation  we  have 
tried  to  separate  the  individual  components 
contributing  to  the  PSL  process.  In  the  first 
step  we  have  measured  the  lifetime  of  the 
excited  state  of  the  dopants.  Therefore  the 
nonirradiated  samples  were  optically  excited 
by  illumination  at  various  temperatures  into 
the  Eu2*  and  Tl*  absorption  bands,  respecti¬ 
vely.  For  BaFBr : Eu  a  practically  constant  PL 
lifetime  was  found  which  agrees  with  the 


below  given  PSL  lifetime  between  4.2  K  and 
420  K.  For  RbBrtTl  the  PL  lifetime  is  depen¬ 
dent  on  the  exciting  wavelength  and  does  not 
coincide  with  the  PSL  lifetime.  It  is  found 
that  by  exciting  into  the  240  nm  Tl*  absorp¬ 
tion  band  a  lifetime  of  500  ns  is  observed 
whereas  illumination  into  the  265  nm  band 
yields  a  value  of  420  ns.  The  PSL  lifetime 
has,  however,  a  limiting  value  of  x  =  280  ns 
which  is  believed  to  be  the  actual  Tl*  life¬ 
time  for  an  X-ray  irradiated  sample  (see 
below ) . 

The  contributions  of  the  F -center  as  well  as 
the  conduction  band  to  the  PSL  response  can 
be  investigated  by  measuring  the  PSL  lifetime 
and  efficiency  as  a  function  of  temperature. 
The  experiments  were  carried  out  in  the  same 
manner  »s  the  PL  lifetime  experiments  except 
that  the  sample  was  X-irradiated  prior  to  the 
measurement  and  the  exciting  wavelength  of 
the  10  ns  flashlamp  was  filtered  by  a  530  nm 
and  600  nm  highpass  filter  for  BaFBr : Eu  and 
RbBr : Tl ,  respectively.  The  irradiation  was 
performed  at  room  temperature  in  case  of 
BaFBr : Eu  and  at  210  K  in  case  of  RbBr :T1 , 
followed  by  a  cooling  to  4.2  K  and  and  a  sub¬ 
sequent  stepwise  heating  up.  After  each  step 
the  PSL  lifetime  and  the  PSL  efficiency  in 
form  of  the  amplitude-  lifetime  product 
I^x'i  was  extracted.  Because  of  the  small 
amount  of  information  read  out  per  measure¬ 
ment  the  whole  experiment  could  be  performed 
with  a  single  X-ray  exposure.  In  this  method 
variations  in  the  exposure  and  spatial  inho¬ 
mogeneities  can  be  neglected.  The  PSL  life¬ 
time  for  both  substances  is  shown  in  Fig.l. 
and  the  PSL  efficiency  is  plotted  in  Fig. 2. 
For  BaFBr :Eu  one  observes  an  almost  tempera¬ 
ture  independent  value  for  both  the  PSL  life¬ 
time  and  the  efficiency.  Consequently  one  has 
to  conclude  that  the  PSL  mechanism  does  not 
contain  a  thermally  activated  component.  For 
RbBr : Tl  the  PSL  lifetime  behaves  completely 
different.  For  temperatures  above  320  K  one 
observes  a  constant  PSL  lifetime  which  is  re¬ 
lated  to  the  lifetime  of  the  excited  state  of 
the  Tl*  in  X-ray  irradiated  RbBr.  Below  320  K 
measurable  down  to  temperatures  as  low  as  60 
K  a  thermally  activated  PSL  lifetime  is  ob¬ 
tained  which  varies  almost  three  orders  of 
magnitude  exhibiting  an  activation  energy  of 
30.2  meV.  The  measurable  efficiency  of  the 
thermally  activated  PSL  is  constant  from  230 
K  down  to  temperatures  of  at  least  60  K. 
Below  60  K  the  thermally  activated  PSL 
becomes  to  small  to  be  measurable  in  our 
setup.  In  addition  a  temperature  independent 
PSL  signal  appears  whose  efficiency  is  smal¬ 
ler  and  which  is  believed  to  be  related  to 
tunneling  of  an  electron  from  the  relaxed 
excited  F-center  state  to  the  Tl2*  ion  or  to 
a  hole  in  the  neighborhood  of  the  Tl*  ion.  At 
which  temperature  the  thermall/  activated 
component  of  the  PSL  process  disappears  can 
not  be  extracted  from  our  measurements. 

Modelling  and  discussion 

In  Fig . 3  the  band  model  of  the  PSL  process  is 
shown.  Let  us  assume  that  an  X-ray  dose  pro¬ 
portional  number  of  F-centers  (trapped  elec¬ 
trons)  and  recombination  centers  (trapped 
holes)  exists,  for  the  sake  of  simplicity  in 
form  of  Eu3*  and  Tl2*.  As  mentioned  above  the 
stimulation  spectra  of  both  materials  have 
their  origin  in  the  F-center  absorption.  This 
suggests  strongly  that  the  K-center  acts  as 
the  occupied  electron  trap.  The  energetic 


level  scheme  of  a  typical  example  of  such  an 
F-center  [4]  is  shown  schematically  in 
Fig. 3.  During  optical  excitation  (photostimu¬ 
lation)  the  F-center  gruunustate  electron 
(Is)  is  pumped  into  its  first  excited  state 
(2p)  where  it  causes  a  lattice  relaxation  re¬ 
sulting  in  an  energetic  shift  of  the  energy 
level  close  to  the  conduction  band  (relaxed 
excited  state).  Once  in  this  level  the  elec¬ 
tron  has  different  alternatives: 

a)  recombination  into  the  unrelaxed  ground- 
state, 

b)  escape  into  the  conduction  band  by  thermal 
activation  and  subsequent  recombination  in 
the  Eu 3*  and  Tl~,  respectively, 

r)  tunneling  to  the  neighboring  recombination 
center. 

For  BaFBr : Eu  it  is  likely  that  the  excited 
electron  is  not  able  to  leave  the  F-center 
since  apparently  the  tunneling  process  is 
more  efficient  and  explains  the  temperature 
independent  PSL.  This,  however,  requires  the 
existence  of  close  proximity  of  the  F-centers 
and  the  Eu3-ions.  We  therefore  suggest  the 
existence  of  a  Photo  Stimulable  Luminescence 
Complex  consisting  of  F-centers  and  Eu'-ions 
as  a  kind  of  aggregation  centers  (see  Fig. 3 
right  side).  Dynamical  studies  of  the  PSL  be¬ 
havior  support  this  point  of  view  [5]. 

For  RbBr :Tl  the  PSL  behavior  is  more  com¬ 
plex  .  Dependent  on  the  temperature  regime  the 
material  shows  different  PSL  mechanisms.  From 
4.2  K  to  about  60  K  a  tunneling  process  is 
observable.  After  photostimulation  <-he  F-cen¬ 
ter  electron  is  not  able  to  leave  its  relaxed 
excited  state  therefore  only  those  electrons 
tunnel  to  the  activator  which  are  located 
close  to  a  Tl3*  ion  or  to  a  trapped  hole  in 
the  Tl*  vicinity.  At  higher  temperatures  (T  > 
60  K  as  the  measured  value)  the  escape  of  the 
excited  F-center  electron  to  the  conduction 
band  seems  more  likely  since  the  required 
thermal  energy  is  now  available.  Once  in  the 
conduction  band  the  electron  has  to  move 
through  a  large  number  of  traps  which  exhibit 
an  activation  energy  of  E«  =  30.2  meV.  At 

higher  temperatures  (T  >  230  K)  the  storage 

behavior  of  the  X-ray  information  declines 
indicating  an  instability  of  either  the  F- 
center  or  the  trapped  hole. 

Interesting  in  the  case  of  RbBr:Tl  is  the  mo¬ 
dified  Tl*  lifetime  after  X-ray  irradiation. 
This  could  be  the  influence  of  a  trapped  hole 
in  the  vicinity  of  a  Tl*  ion  instead  of  the 
above  assumed  Tl3*  ion.  That  the  trapping  is 
stronger  in  case  of  the  Tl  than  in  case  of 
the  Eu  can  be  understood  by  comparing  the  ion 
radii  of  the  activators  with  the  matrix  ele¬ 
ments  . 
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resulting  from  ns  optical  pulse  excitation. 
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Fig . 2  Temperature  dependence  of  PSL  effi¬ 
ciency  ■ T 


Fig . 3  Schematic  band  model  for  processes  oo- 
curing  in  X-ray  storage  phosphors,  D  symbols 
the  activator. 
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Introduction 


Europium  activated  barium  halides,  especially 
BaFBr:Eu  are  used  as  photostimulable  x-ray 
phosphors  in  digital  radiography.  An  impor¬ 
tant  quantity  for  the  resulting  images  is 
tne  stimulated  output  signal  of  the  phosphor. 
In  a  recent  paper  £1]  it  has  been  shown,  that 
the  photost imut abi l i ty  of  this  phosphor  is 
based  on  the  existence  of  a  trap  -  activator 
complex  (Eu,+in  vicinity  of  an  F-center,  see 
fig.  1 ) . 

During  optical  stimulation  the  electron  is 
transferred  from  the  F-center  to  the  Eu,+  by 
tunneling.  Optimizing  the  density  of  these 
complexes  by  experimental  skill  will  result 
in  a  maximum  sensitivity  of  the  storage  phos¬ 
phor.  It  is  the  aim  of  this  paper  to  show 
that  the  ratio  of  the  mol  numbers  of  the  raw 
materials  BaF,  and  BaBr,  plays  a  crucial  role 
for  the  formation  of  the  Photo  Stimulated  Lu¬ 
minescence  Complex  (PSLC). 


Experimental  procedure  and  measurements 


BaFBr:Eu  phosphors  activated  with  u,05  -  1,0 
mole  percent  Eu  were  made  by  firing  intimate 
mixtures  of  the  raw  materials  BaF,  and  BaBr, 
(dried  at  200  °C)  in  an  H,/N,  atmos¬ 
phere  at  about  900  °C.  The  phosphors  were 
washed,  ground  and  refired  at  a  slightly 
lower  temperature.  The  samples  prepared  con¬ 
tained  different  mole  ratios  m  of  0aF,/Ba8r, 
ranging  from  0,3  to  1,0.  The  powders  were 
deposited  in  quartz  pockets  with  thin  walls 
to  allow  x-ray  irradiation  as  well  as  opti¬ 
ca)  studies.  All  measurements  were  carried 
out  with  samples  having  an  area  of  2  cm*  and 
a  thickness  of  0,5  mm.  In  order  to  investi- 
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gate  the  influence  of  the  mole  ratio  on  the 
resulting  PSLC  density  we  measured  as  a  func¬ 
tion  of  m  the  stimulated  output  signal,  the 
stimulation  spectrum,  the  concentration  of 
divalent  Eu*  +  in  the  host  and  the  geometry 
of  the  host  with  the  help  of  x-ray  diffrac¬ 
tion.  For  the  determination  of  the  stimulation 
spectra  a  flashlamp  with  a  pulse  duration  of 
about  10  ns  in  combination  with  a i .  optical 
filter  or  monochromator  was  used  as  stimulat¬ 
ing  light  source.  In  order  to  detect  the  emit¬ 
ted  light,  a  photomultiplier  was  used  in  com¬ 
bination  with  BG  3  and  BG  37  filters  (Schott 
Glaswerke).  The  filters  were  necessary  in 
order  to  decouple  the  emission  wave  length 
from  the  stimulating  wave  length.  The  signals 
were  detected  on  a  digital  oscilloscope.  In 
this  way  resulting  photost l mu  1 ated  lumines¬ 
cence  together  with  the  temporal  response 
were  recorded.  The  area  under  the  decay  cur¬ 
ve  is  proportional  to  the  number  of  emitted 
photons  after  stimulation.  The  same  equipment 
has  been  used  for  the  measurement  of  the  Eu** 
concentration  in  the  phosphor  with  a  slight 
modi fi rati  on.  The  light  of  the  flash  lamp 
has  been  filtered  so  that  only  the  wave  length 
of  3t0  nm  corresponding  the  wavelength  of 
excitation  of  Eu**  was  used.  Here  the 

resulting  area  under  the  decay  curve  is  a 
measure  of  the  Eu**content. 

Results 

The  results  show  a  clear  evidence  for  a  pre¬ 
ferred  mole  ratio  of  m  =  0,6.  There  the  sti¬ 
mulated  output  signal  is  at  a  maximum  with 
the  stimulation  spectrum  being  shifted  to  a 
wave  length  of  600  nm  which  is  almost  opti¬ 
mal  for  the  use  of  a  He-Ne  laser  beam.  The 
PSLC  density  is  also  maximal.  This  behaviour 
is  stable  against  coactivation  of  additional 
dopants  leading  to  a  more  complex  storage 
phosphor  system  with  higher  sensitivity. 
Again  a  specific  value  of  m  is  responsible 
for  a  maximum  density  of  the  PSLC.  The  influ¬ 
ence  of  the  mole  ratio  m  of  the  raw  mate¬ 
rials  on  the  stimulated  signal  can  be  under¬ 
stood  when  considering  the  amount  BaRr; 

exceeding  the  amount  rf  C|lC-  as  a  flux  agent 
affecting  the  diffusion  processes  at  the  fi- 


ring  temperatures.  Removing  any  excess  BaBr2 
by  a  washing  procedure  yields  a  phosphor 
8aF8r:Eu  with  the  final  mol  ratio  [F]/CBr] 
being  close  to  one  and  showing  optimal  pho- 
tostimulated  luminescence. 


vE - — - 

Figure  1.  Band  model  for  PSl  mechanisms  in 
BaFBr : Eu  due  to  optical  stimulation.  On  the 
right  is  the  F-center  with  its  relaxed  state, 
on  the  left  the  level  scheme  of  the  divalent 
Eu.  h  \J  s  and  h  Ve  denote  stimulating  and  emit¬ 
ted  photons  respectively,  denotes  the  es¬ 
cape  time  of  the  excited  F-center  electron 
into  the  conduction  band,  the  radiative 

recombination  of  an  electron  from  the  relaxed 
excited  state  into  the  excited  ground  state, 
and  the  tunneling  time  to  the  trivalent 

Eu  t  7“  9  the  lifetime  of  an  electron  in 

the  4  5 d  level  of  the  divalent  Eu.  Sinu¬ 

soidal  arrows  symbolize  thermal  nonradiative 
trans i t  ions  . 
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Luminescence  efficiency  of  a  phosphor  can 
be  improved  by  minimising  the  energy  losses  during 
excitation.  The  loss  of  excitation  energy  in  the 
case  of  powdered  samples  is  mainly  due  to  scatter¬ 
ing  of  incident  radiation  by  the  particles  of  phosphor. 
Thus,  while  considering  the  industrial  applications 
of  polycrystalline  phosphors  in  lamps,  screens,  paints, 
etc.  the  effect  of  particle  size  on  the  light  output 
has  to  be  specially  studied. 

It  is  very  well  established  that  the  radiographic 
imaging  with  photostimuable  (PS)  phosphors  has 
many  advantages  over  conventional  photographic 
film  screens.  In  the  new  type  of  computer  radio¬ 
graphy,  PS  phosphors  are  to  be  used  as  memory 
materials  for  temporary  storage  of  the  x-ray  image. 
Eu(2+)  doped  barium  fiuorohalide  phosphors  are 
most  suitable  for  this  purpose.  The  spatial  resolu¬ 
tion  from  the  image  plate  can  be  improved  to  a 
certain  extent  with  phosphors  comprising  fine  parti¬ 
cles.  The  fineness  of  the  particles  can  be  achieved 
by  various  means  such  as  grinding,  fast  cooling 
after  firing  or  incorporation  of  some  flux  materials 
during  tae  lir.ng  procc^se^.  out  the  efficient. , 
of  the  phosphor  deteriorates  with  grinding.  Fast 
cooling  is  a  complicated  process  in  the  case  of 
Eu(2+)  doped  phosphors.  Incorporation  of  flux  mate¬ 
rials  may  change  the  characteristics  of  phosphor 
materials.  In  the  present  investigation,  effect 

of  grinding  (ball  milling)  on  particle  size  distribution, 
shape  of  the  particles  and  luminescent  properties 
cf  BaFCl  phosphors  have  been  studied. 

A  number  of  samples  have  been  prepared  by 
firing  suitable  amounts  of  BaCl2,  BaF^  and  EuF? 

at  800-950°C  for  1-3  hours  to  obtain  BaQ  99EuQ  0jFCI 

phosphors.  Reduction  of  Eu(3>)  to  Eu(2+)  has  been 
done  in  the  presence  of  CO  instead  of  forming 
gas  (nitrogen  with  2-10%  of  hydrogen).  After  firing, 
the  mass  is  subjected  to  grinding  in  a  centrifugal 
ball  mill  (Retsch  Type  SI)  with  200  g  agate  balls 
(2  Nos.)  in  an  agate  cup  (500  cc)  for  different  dura¬ 
tions  (10  to  360  mins).  The  grinding  was  carried 
out  in  auto  reverse  mode  at  20  rpm  on  each  batch 
of  5  g.  Particle  size  distribution  (PSD)  of  these 
phosphors  has  been  studied  with  the  help  of  Malvern 
EASY  Particle  Sizer  M  3.0  after  every  grinding. 

It  is  observed  that  the  particle  size  varies  from 
10  to  100  jj  on  initial  grinding  whereas  at  longer 


durations,  the  particle  size  is  in  the  range  5  to  20  p. 
The  shape  of  these  phosphors  is  generally  irregular 
plates.  With  constant  ball  milling  at  low  pressure, 
the  shape  of  these  particles  can  be  brought  to  regu¬ 
lar  plates.  Scanning  Electron  Microscopy  (JEOL 
35  CF)  studies  on  these  phosphors  after  6h  grinding 
show  that  all  the  particles  are  similar  in  size  and 
regular  in  shape.  The  excitation  and  emission  spectra 
have  been  recorded  with  the  help  of  fluorescent 
spectrophotometer  (Hitachi  650-1 0s).  The  emission 
spectrum  of  these  phosphors  is  shown  in  Fig.  1  - 

The  spectrum  shows  a  band  (  A  =  388  nm)  with 
K  max 

a  half  width  of  34  nm.  The  ball  milling  did  not 
cause  any  appreciable  change  in  the  fluorescent 
spectra.  The  variation  of  luminescent  intensity 
with  milling  time  is  shown  in  Fig. 2.  The  luminescence 
degradation  by  grinding  may  be  due  to  particle 
size  reduction  which  increases  the  iess-luminescent 
surface  region.  From  the  results  obtained  in  this 
investigation,  it  is  concluded  that  the  required  parti¬ 
cle  size  and  shape  of  poJycrystaJJjne  powders  can 
be  obtained  by  ball  nulling  without  destroying  the 
luminescent  characteristics  of  the  phosphor  materials 
(e.g.  BaFCkEu)  to  be  used  in  medical  image  screens 
for  high  resolution. 


Fig.l  Fluorescent  emission  spectrum  of  MFCItEu 
phosphor  recorded  at  300K  after  30  mins 
ball  milling. 


BaFCliEu  phosphors. 
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The  pj operation  of  high  resolution 
cathode  ray  tube  monochrome  screens  requires 
the  use  of  very  fine  particle  size  phosphor'. 
For  example,  In  this  discussion  the  typical 
fine  grain  phosphor  has  a  particle  size 
distribution  In  the  range  of  submicron  to 
approximately  4.0 yums,  the  average  being  In 
the  neighborhood  of  one-half  to  two  yams, 
depending  upon  the  particular  phosphor  used. 
In  preparing  screens  of  these  fine  particles, 
the  use  of  electrophoretic  < EP )  coating 
offers  advantages  over  the  usual  methods  of 
screen  preparation.  Since  the  phosphor  has 
very  fine  part  1 c 1 es ,  gravity  settling  Is 
Inconvenient  because  of  the  very  long 
settling  times  that  are  required.  Increasing 
the  settling  speed  by  means  of  centrifugal 
force  can  be  done,  howevsr  this  method  has 
not  produced  screens  having  the  microscopic 
quality  of  EP  coated  screens.  This  quality 
Is  Important  in  high  resolution  CRTs  since 
any  Irregularities  In  the  screen  can 
Introduce  problems  h i th  both  resolution  and 
visual  noise  In  the  displayed  image.  Other 
advantages  of  EP  screens  are  more  precise 
control  of  the  screen  density  and  uniformity, 
the  formation  of  more  densely  packed  screens, 
a  more  efficient  manufacturing  process  since 
a  number  of  similar  screens  may  he  "plated** 
at  the  same  time,  as  Mel l  as  providing  the 
possibility  of  being  able  to  coat  unusual  and 
Irregular  shapes. 

Hughes  became  Interested  In  the 
fabrication  of  screens  by  FP  coating  in  order 
to  Improve  the  high  resolution,  high 
b.  1 ghtness  charac ter  I st 1 cs  of  CRTs  for 
advanced  display  application.  Several 
articles  (7,0)  conclude  that  screens  prepared 
by  EP  coating  Mere  capable  of  higher  resolu¬ 
tion,  less  noise,  and  either  equal  or'  only 
si  1 ght I y  less  I  i ght  output  as  compared  to 
settled  screens.  Of  course,  the  opposite 
opinions  could  also  be  found,  viz.,  there  Mas 
no  improvement  in  these  qual 1 t i es  compared  to 
settled  screens  (9).  Our  Mark  has 
encompassed  most  of  the  phosphor  families 
including  PI  zinc  orthos i l 1  cate ,  Pi  1  zinc 
sulfide,  P43  gadolinium  oxysulflde,  T53 
yttrium  aluminum  garnet,  and  a  special  red 
phosphor  zinc  cadmium  sulfide.  It  has  been 
found  that  all  can  be  coated  by  this  method 
m l th  minor  modifications  In  processing  to 
take  care  of  Individual  phosphor 
pecu  ?  l ar 1 1 1 es . 

The  method  used  by  Hughes  I s  a 
modification  of  that  described  by  McGee  et  al 
(7).  The  charging  Ion  species  hONever  Mere 
changed  from  a  mixture  of  aluminum  and 
lanthanum  to  magnesium  and  lanthanum.  This 
mixture  of  Ions  Mas  found  to  produce  screens 
Mlth  Improved  adhesion  to  the  substrate  as 
compared  to  the  previous  mixture  or  to  the 
use  of  the  Individual  Ions  separately.  In 
addition  the  amount  of  Mater-  added  to  the 
main  suspension  liquid,  1 sopropano I ,  has  been 
opt  1 m 1  zed . 


Since  the  process  requires  conductive 
substrates  and  the  typical  substrate  is-  made 
of  glass,  a  conductive  coating  must  be 
applied  to  it.  Tmo  types  of  coatings  (thin 
films)  have  been  used:  tin  oxide  (TO)  or 
indium  tin  oxide  (  I  TO),  and  metal  lie  f l  1  ms . 
Genera l ly  the  transparent  conductive  f i (ms 
(TO  and  I  TO)  must  be  used  Mlth  caution  since 
undci  some  conditions  the  oxides  can  be 
reduced  to  metallic  tin  and/or  indium  during 
electrolysis.  In  the  case  of  thin  metal 
films,  once  the  screen  has  been  app 1 ied  it  is 
necessary  to  remove  the  metal  f i ’m  to  al Ion 
the  luminescent  image  to  exit  the  front  side 
of  the  substrate  for  v i e« i ng . 

Various  curves  Mill  be  presented  showing 
the  behav i or  of  the  EP  coating  bath  as  Me  1  1 
as  others  displaying  the  attributes  of  the 
screens  produced  by  this  technique.  Included 
In  these  figures  will  be:  rate  of  phosphor 
deposition  as  a  function  of  the  electric 
field,  plating  density  versus  plating  time, 
the  effect  of  temperature  on  the  coating 
weight,  and  the  Influence  of  phosphor 
concentrat i on  in  the  bath  on  plating  Height. 
Curves  of  tube  performance  nil l  compare  sucH 
character l st I cs  as  brightness,  resolution, 
and  noise  figures  with  those  of  settled 
screens . 

The  data  presented  show  that  EP  coating 
permits  the  fabrication  of  phosphor  screens 
that  have  the  capability  of  very  high 
brightness  and  resolution,  and  very  1  oh 
visual  noise  content.  The  EP  coating  process 
Itself  is  reproducible  and  lends  itself  to 
the  manufacture  of  good  qual i ty  screens. 
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1 n  t reduction 

dielectric  thin  films  having  both  the  high 
dielectric  constant  and  the  high  breakdown  field 
strength  are  desirable  for  insulating  layers  of 
electroluminescent  devices  (ELD).  However, 

,j  , i -  r  r  i  c  films  with  the  high  dielectric 
constant  tends  to  have  the  low  breakdown  field 

strength  To  overcome  this  problem,  application 

1)2) 

of  composite  films  have  been  studied.  As  each 

layer  of  multilayer  becomes  thinner.  the 

multilayer  films  is  supposed  to  change  from  layer 
structure  to  composite  like  From  this 

viewpoint.  relationship  between  monolayer 

thickness  and  the  dielectric  properties  were 

studied  using  TiO, /SiO,  multilayered  films. 

Experimental 

In  Table  1  monolayer  and  total  thickness  of 
prepared  samples  are  shown.  Total  film 

thickness  was  fixed  to  be  about  hOOnm  TiOj 

m'- nolayer  thickness  dT  was  varied  from  60  nm  to 
0  inm  dr  were  calculated  from  deposition  rate3 

and  sputtering  time,  and  the  total  thickness  was 
measured  with  a  surface  roughness  tester  At 

first  relationship  between  dielectric  properties 
and  composition  ratio  of  Ti0?-f-i<»,  was  ex.imind 
using  TiO,  5 1 0,  composite  targets,  Thickness 

rat  it;  ;  3  was  selected  because  the  field  strength 

der r eased  rapidly  when  the  film  thickness  ratio 
was  more  «  ha n  l  1 


etching  time.  From  Fiq.  1.  we  can  see  that 

T1/S1  composition  ratio  of  this  film  change:, 
periodically.  This  periodicity  could  not  be 

detected  for  films  of  d  T  ‘  5  n  m  clearly  This  is 

supposed  to  be  limited  by  the  resolution  of  SIMS 

Figure  ?  shows  X-ray  diffraction  (XRD) 

patterns  of  Ti0?/Si07  multilayered  films  The 

films  were  annealed  for  1  hour  at  550'q.  in  vacuum 
of  2  «  10-*  ‘a  .  The  films  of  dt>  lOnn  show 

diffraction  pattern  of  TiO,  enatase.  and  films  of 
dT  •  10m  are  amorphous. 

Figure  3  shows  the  energy  gap  Eg  obtained 

from  the  light  absorption  edge  measurement.  Eg 
of  the  annealed  films  of  dt  >  2na  is  close  to  Eg  of 
TiOj  film.  In  the  films  of  dT<2nm,  Eg  becomes 
larger  as  d7  becomes  thinner. 

Figure  4  shows  the  product  f.*  f.,  EBt.  <  f.„  the 

dielectric  constant  of  vacuum.  1,,  the  relative 
dielectric  constant.  F8D  the  breakdown  field 

strength)  as  a  function  of  d7  The  product 

t,  f„  E,c.  which  is  an  index  of  the  dielectric 
layers  of  ELD.  is  the  maximum  surface  charge 
density.  From  Fig.  4,  it  is  shown  that  f.«  l,  Ere 
is  changed  by  dT  and  its  peak  is  obtained  around 
dr*ln». 


Cone  1 u  s 1  on 

The  dielectric  properties  and  structures  of 
T 1 0« / 5 i Oj  multilayered  films  are  examined  The 

dielectric  properties  of  the  f , las  depend  on  T 1  0. 
monolayer  thickness  d  7  ,  and  peak  of  maximum 
surface  charge  density  (.,  I..  Eut<  1S  obtained  around 
dT  = 1 nm 
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l*y  find  ary  ion  mass  spur,  t  roseopy  'SIMS) 

analysis.  t  tie  T  I  07  6  nm  1  07  1  6  na  lull  I  layered  film 
was  analyzed  Figure  1  shows  Ti  'Si  signal 

,  r.  *  I-  f,  s  ,  •  y  r  a  ?  1  0  are  plotted  as  a  function  o  f 
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1.  INTRODUCTION 

Voltage  dependent  phosphor  screens  offer  a  potential 
solution  to  the  problem  of  adding  colour  capability 
to  Head-Up  Display  CRTs  which  presently  operate  with 
PI,  P43  or  P53  phosphor.  Three  examples  of  beam 
penetration  phosphor,  of  the  "onionskin"  type,  have 
been  investigated  for  this  application.  They  each 
consist  of  a  green  or  yellow-green  emitting  core 
phosphor,  surrounded  by  a  non- luminescent  barrier 
layer  and  an  outer  layer  of  red  emitting,  fine  grain 
phosphor.  The  systems  investigated  were: 

Pl-YV04:Eu,  Gd202S:Pr-YV04:Eu,  and  P53-P56,  each 
with  an  intermediate  Si02  barrier  layer. 


2.  PHOSPHOR  PREPARATION 


The  luminance  contribution  from  the  red  phosphor 
reaches  a  maximum  of  12kV  and  remains  constant  to 
25kV.  The  maximum  luminous  efficiency  of  the  red 
phosphor  in  the  composite  particle  varies  from  2 
lumens/watt  for  YVO^:Eu  to  4  luraens/watt  for  P56, 
the  voltage  which  corresponds  to  maximum  efficiency 
being  in  the  range  10  to  12kV.  The  instrinsic 
efficiencies  of  the  red  phosphors  at  a  particle  size 
of  1pm  are  low,  3  lumens/watt  for  YVO^ : Eu  and  6 
lumens/watt  for  P56,  and  empirically  it  has  been 
found  that  the  luminous  efficiency  of  the  red 
phosphor  in  the  phosphor  screen  is  2/3  of  the 
intrinsic  efficiency  of  that  phosphor,  both  for 
YV04:Eu  and  P56. 

The  chromaticity  range  is  greatest  with  the  Pl- 
vanadate  system  and  least  with  P53/P56  -  Table  2, 
but  the  established  higher  efficiencies  of  the 
latter  phosphors  under  high  current  density  suggest 
that  the  P53/P56  phosphor  would  be  preferred  in  a 
practical  2  colour  HUD  CRT.  The  Pr  doped  oxy- 
sulphide  is  a  potential  alternative  to  Pi  with 
reduced  persistence,  but  the  efficiencies  indicated 
in  Fig  4  are  lower  than  those  found  with  other 
phosphors . 

4.  PRACTICAL  DEMONSTRATION  OF  2  COLOUR  HUD 
CAPABILITY 


Barrier  layer  deposition 

The  formation  of  the  silica  barrier  layer  is  achieved 
by  the  reaction  of  silane,  SiH^,  with  oxygen  in  a 
fluidised  bed  reactor  containing  the  core  phosphor. 
The  growth  of  the  Si02  barrier  is  followed  by 
measurement  of  the  effective  barrier  voltage  and 
depends  upon  the  concentration  and  flow  rate  of 
silane,  the  phosphor  particle  size  and  the  reactor 
temperature.  For  a  reactor  temperature  of  480°C  the 
SiH4  and  O2  mass  flow  rates  are  controlled  to  give 
an  effective  barrier  growth  rate  of  approx.  0.4kV/hr. 
However,  coincidentally  with  the  growth  of  the 
barrier,  an  aggregation  of  particles  occurs  in  the 
fluidised  bed,  resulting  in  an  approximate  doubling 
of  the  volume  of  individual  phosphor  grains  during 
the  formation  of  a  LGkV  barrier.  This  phosphor 
aggregation  can  be  seen  in  Fig  1  and  is  a  factor 
which  may  limit  the  resolution  of  the  resultant 
phosphor  screens-  Under  high  magnification  (Fig  2), 
the  silica  is  seen  to  be  granular. 

Red  phosphor  deposition 

The  red  phosphor  is  applied  from  a  suspension  of  fine 
grain  red  phosphor  (median  particle  size  Ipm)  by  the 
standard  gelatin  process. (1).  Although  the  process 
is  carried  out  several  times  to  maximise  surface 
coverage  by  the  red  phosphor,  the  resultant  coverage 
is  only  partial. 

The  screening  of  these  composite  phosphors  can  be 
carried  out  by  conventional  settling  methods,  despite 
the  increase  in  particle  size.  Typical  particle 
sizes,  as  determined  by  the  Coulter  method  are  given 
in  Table  1. 

3.  PROPERTIES  OF  THE  "ONIONSKIN"  PHOSPHORS 

Efficiency  and  Chromaticity 


A  representative  HUD  tube  was  processed  with  the 
P53/P56  composite  phosphor  and  gave  luminances  and 
resolution  over  the  range  !2.5kV(red)  to  2SkV 
(yellow-green)  indicated  in  Figs  6a)  to  d). 

In  cursive  mode  (line  writing)  luminances  in  excess 
of  4,500cdnT2  and  40,000cdm-2  are  readily  obtained 
with  moderate  beam  currents  at  the  two  switching 
voltages  of  12.5  and  25kV. 
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TABLE  1  PARTICLE  SIZE  OF  "ONIONSKIN"  PHOSPHORS 


CORE 

CORE  A 

RED  COATED 

SERIES 

PHOSPHORS 

SIZE 

BARRIER 

FINAL  PHOSPHOR 

515 

PI  +  vanadate 

9.0 

21 

23 

urn 

519 

PI  +  vanadate 

12.6 

22 

25 

pm 

523  Gd  2 0  a  S : Pr  +  " 

7.0 

14 

16 

pm 

524 

P53  +  P56 

11 

21 

24 

pm 

TABLE 

2  CHROMATIC IT IES  AS 

FUNCTION 

OF  VOLTAGE 

PHOSPHOR  FINAL  ANODE  VOLTAGE  (kV) 

8  12  16  20  24 


Br  ipht ncss/vol t age  relationships  at  a  current  density 
of  tuA/cm  on  aluminised  phosphor  screens  were  deter¬ 
mined  over  the  range  5  to  25kV  (Figs  )-5).  Calibrated 
f:  iters  enable  the  individual  core  and  red  phosphor 
components  of  the  luminance  to  be  determined. 

It  can  be  seen  that  the  increase  with  voltage  of  the 
luminance  from  the  core  phosphor  is  effectively 
linear  over  the  range  16  to  25kV.  At  25kV  the 
relative  efficiency  from  the  core  phosphor  is  25-30'/. 
of  the  original  phosphor. 


Pl/vanadate  x  =  0.669  0.630  0.487  0.376 

(10519/R)  y  °  0.326  0.359  0,^83  0.^78 _ 

Gd 20jS : Pr  x  *  0.655  0.588  0.483  0.414  0.356 

vanadate 

(10523/R)  y»  0.334  0,377  0,443  0.488  0,524 

P53/P56  x  -  0.613  0.587  0.516  0.457  0.423 

(10524/R)  y  *  0.374  0.390  0.434  0.470  0.492 
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Yttrium  oxysulfide  doped  with  europium  is  an  excel¬ 
lent  red  phosphor  for  color  TV  screen.  The  reaction  of 
Y2O3  with  sulfur  to  form  a  host  lattice  Y2O2S  and  the 
diffusion  of  Eu3+  ion  into  the  Y2O2S  lattice  for  this 
phosphor  were  studied.  The  red  phosphor,  Y2O2S : 3%  Eu3+, 
was  prepared  by  solid  reaction  of  Y2O3,  dopant  EU2O3,  S, 
and  NaOH  mixture.  The  formation  reaction  of  the  phos¬ 
phor  can  be  illustrated  by  the  following  steps: 

y2°3  +  S  -  W 

Eu3+(3%)  +  YjOjS  -  Y202S:3*  Eu3* 

The  reaction  may  be  occurred  at  the  surface  of 
Y2O3  particles  for  the  first  step.  The  formation  rate 
of  Y2O2S  is  determined  both  by  the  reaction  rate  of 
Y2O3  and  S  at  the  surface  and  by  the  diffusion  rate  of 
sulfur  to  the  reacted  layer.  Secause  of  the  diff¬ 

erence  in  densities  of  Y2O3  and  Y2O2S,  the  formed  Y2O2S 
is  removed  from  the  surface  and  the  fresh  surface  of 
Y2O3  particles  can  co  ict  with  sulfur  during  the  reac¬ 
tion.  The  size  and  s  ace  morphology  of  the  crystall¬ 
ite  were  examined  with  a  scanning  eletron  microscope. 

The  Y2O3  particle,  whose  size  is  about  5  urn,  is  being 
cracked  into  smaller  size  in  the  process  of  reaction 
with  sulfur,  which  is  illustrated  in  Fig.  1.  Therefore, 
the  chemical  reaction  rate  of  sulfur  and  Y2O3  is  direc¬ 
tly  related  to  the  formation  rate  of  Y2O2S.  In  order  to 
determine  the  reaction  rate,  X-ray  diffraction(XRD)  sne- 
ctra  were  obtained  for  the  products  made  in  a  series  of 
reaction  temperature  and  reaction  times.  XRD  spectra 
show  peaks  representing  of  Y2O2S  and  of  unreacted  Y2O3 
when  the  reaction  temperature  is  low,  and  show  peaks 
only  of  Y^S  when  the  temperature  is  higher  than  800°C 
in  half  an  hour  of  reaction  time(Fig.  2). 

Activator  Eu^*  can  be  diffused  into  both  Y2O3  and 
Y2O2S.  The  excitation  bands  (f-d  charge  transfer  band) 
show  maximum  at  different  wavelengths;  Eu3+  in  Y2O3  at 
262nm,  Eu^*  in  Y2O2S  at  350nm.  The  fluorescence  inten¬ 
sity  of  Eu3+  in  Y 2O2S  is  monitored  for  the  products  made 
at  a  series  of  reaction  temperature  and  reaction  times( 
Fig.  3).  As  the  reaction  temperature  increases,  the  fl¬ 
uorescence  intensity  is  increased.  The  fluorescence  in¬ 
tensity  is  increased  as  the  reaction  time  increases  even 
at  high  temperature  of  1000°C,  while  the  host  lattice 
Y2O2S  are  formed  in  half  an  hour  at  800°C.  The  activa¬ 
tion  energy  for  the  diffusion  of  Eu  ion  into  Y2O2S 
was  calculated.  The  activation  energy  of  ?OKcal/mol  is 
obtained  by  linear  regression  method  from  the  plot  of 
ln[ ln( l/{ 1-Y) )]  vs.  I/T,  where  Y  being  the  fraction  of 
doping.  The  fraction  of  doping  is  calculated  from  the 
ralative  fluorescence  intensity  of  the  product  to  the 
maximum  fluorescence  intensity. 

In  conclusion,  the  formation  rate  of  Y2O2S  is  det¬ 
ermined  by  the  chemical  reaction  rate  of  Y ^0 3  with  S  at 
the  surface  of  Y2O3  particles.  The  chemical  reaction 
of  Y 2Q3  with  $  proceeds  rapidly,  and  the  diffusion  rate 
of  Eu’*  into  Y2O2S  is  slower.  The  activation  energy  of 
Eij3+  diffusion  into  Y2O2S  is  calculated  t.o  be  20Kcal/mol. 
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Fig.  1.  Scanning  electron  microphotographs  of  Y?0-j{a)  and  Y^O^Slb). 


X-ray  diffraction  pattern  of  reaction  products.  Fig.  3.  Relative  fluorescence  intensity  vs. 
Reactants; Y^O^:NaOH:S  =  l:i:?(by  wt.),  reaction  time  and  tenperature  of  Y^OpSiEu 

reaction  time  ;30  min.,  reaction  temperature;  Excitation  wa\ ''length;350  nm,  emission 

A:500°c,  B;700°C,  C;800°C.  wavelength;630  nm. 

Peak  a,c;Y?0^,  Peak  b,d;Y?0?S. 
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INTRODUCTION 

In  this  paper  we  present  a  survey  of  surface 
chemistry  techniques  applied  to  fluorescent 
phosphors  in  aqueous  systems.  The  surface  and 
colloid  chemistry  of  fluorescent  lamp 
phosphors  determines  the  processing  and 
quality  of  lamps.  Factors  such  as  appearance 
and  uniformity  of  coatings  are  influenced  by 
the  surface  properties  of  the  phosphors. 
Knowledge  of  the  detailed  surface  chemistry 
can  lead  to  the  control  of  flocculation  of 
particles  in  coating  suspensions  and  to 
improved  adhesion  of  coatings.  We  have 
studied  the  surface  chemistry  of  several 
important  phosphors  using  electrokinet ic , 
surface  titration  and  surface  spectroscopic 
techniques. 

MATERIALS  AND  METHODS 

The  phosphor  materials  tested  in  this  study 
were  prepared  as  they  would  be  used  in 
typical  applications;  no  special  pre¬ 
treatments  were  attempted  to  remove 
environmental  contamination. 

The  electrokinetic  properties  of  the 
phosphors  were  studied  by  measuring  the 
electrophoretic  mobility  of  10  wt%  aqueous 
slurries  using  PenKem  System-7000- 
Acoustophoretic”  equipment.  This  technique 
is  similar,  in  principle,  to  sedimentation 
potential.  The  results  were  verified  by 
independent  measurements  using  conventional 
dilute  suspension  microelectrophoresis. 

Surface  titrations  are  based  on  conventional 
potentiometric  titration  methodology.  Aqueous 
phosphor  slurries  of  several  different  ionic 
concentrations  are  titrated  for  each 
material.  By  calculating  the  amount  of  acid 
or  base  consumed  by  the  particles,  the 
surface  charge  can  be  determined.  The 
isoelectric  point  and  dissociation  constants 
of  the  surface  species  can  be  inferred  from 
the  results. 


The  surfaces  of  some  phosphors  were  also 
studied  by  XPS  and  FTIR  spectroscopy. 

RE8ULTS  AND  DI8CU88ION 

Table  I  summarizes  the  isoelectric  point  (pH 
at  which  the  particle  has  no  net  surface 
potential)  and  point  of  zero  charge  (pH  at 
which  the  particle  has  no  net  surface  charge) 
for  each  of  the  various  phosphors  as 
determined  by  acid-base  titration  in 
electrokinetic  and  surface  titrations 
experiments,  respectively .  A  description  of 
the  acid  or  base  strength  of  the  phosphors  is 
also  shown  in  the  table.  The  particles  are 
negatively  charged  at  pH  above  the 
isoelectric  point  and  are  positively  charged 
below  this  pH. 

The  surface  of  calcium  halophosphate  behaves 
as  a  strong  acid  with  an  isoelectric  point  of 
2.3.  This  is  in  contrast  with  the  surface  of 
the  strontium  chlorapatite  surface  which  is 
basic  —  isoelectric  point  10.5.  This 
difference  can  be  attributed  to  calcium 
versus  strontium  and  to  fluoride  versus 
chloride  in  the  apatite  structures  of  the  two 
materials.  Yttrium  oxide,  CAT,  and  BAM 
surfaces  are  all  basic  in  character.  This  is 
expected  from  the  chemistry  of  Y203  and 
aluminates.  Our  results  are  consistent  with 
published  results  for  undoped  analogues  of 
these  materials  (1) . 

We  have  also  investigated  the  surface  of 
yttrium  oxide  phosphor  in  detail  with  XPS  and 
FTIR  spectroscopies.  We  could  resolve  the 
0(ls)  spectrum  into  two  components  —  oxide 
and  hydroxide.  FTIR  investigation  showed  the 
tendency  of  this  phosphor  to  form  surface 
carbonates. 

From  these  results,  we  can  predict  that 
certain  phosphor  blends  will  tend  to  co¬ 
flocculate  when  the  solution  pH  is 
intermediate  between  the  isoelectric  points 
of  the  individual  components,  but  these  same 
blends  may  be  electrostatically  stabilized  at 
high  or  low  pH.  Hence,  the  surface  and 
colloid  chemistry  of  fluorescent  phosphors 
can  play  an  important  role  in  the  processing 
and  quality  of  lamps. 

1.  p»rk*,  G..  Chan.  tav.  65:177  •  19B  <1965). 


TABLE  I 

SURFACE  CHEMISTRY  OF  PHOSPHOR8  IN  MATER 


PHOSPHOR 

CHEMICAL 

FORMULA 

ISOELECTRIC 

POINT 

POINT  or 
ZERO  CHARGE 

COMMENTS 

CA  HALOPHOSPHATE 

2.3 

_ 

STRONG  ACID 

YE0 

Y20j:Eu 

9.8 

8-10 

STRONG  BASE 

LA  PHOSPHATE 

LaPO.iTb.Ce 

7.2 

6.5  -  8 

NEUTRAL 

CAT 

9.8 

— 

STRONG  BASE 

SECA 

LUilJMyBMHi 

10.5 

9  -  10.5 

STRONG  BASE 

BAM 

BaMg2A||s0^7‘E!u 

10.5 

— 

STRONG  BASE 
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1 n  t  roduc  t i on 

Increasing  attention  has  been  paid  to 
the  application  of  the  Langmu i r -B I oget t  (LB) 
film  technique  to  the  formation  of  organized 
molecular  membranes.  An  attempt  to  utilize 
LB  films  for  sensing  devices  is  one  of  the 
most  exciting  and  promising  applications. 
Baker  et  a),  reported  that  an  LB  film  gas 
sensor  exhibited  a  rapid  response  to  a 
specific  gas.  Sriyudthsdk  and  Moriizumi  im¬ 
mobilized  enzyme  molecules  in  an  LB  film  to 
construct  an  enzyme  field  effect  transistor. 
These  researcher  have  been  developing  oelec- 
tive  chemical  sensors  for  a  single  component 
in  either  gas  or  solution.  In  contrast,  we 
have  attempted  to  develop  an  optical  chemical 
sensor  using  an  LB  film  for  simultaneous 
recognition  of  many  components  in  solution. 
The  sensing  principle  is  based  on  the  dynamic 
quenching  of  various  fluorophores  embedded  in 
an  LB  f i !m. 

Taste  and  olfactory  cells  simultaneously 
accept  mul t imolecular  information,  which  is 
followed  by  recognition  of  small  and  taste 
through  sophisticated  information  processing 
in  the  neuronetwork.  There  are  two  approach 
in  realizing  a  chemical  sensor  modeled  on  the 
taste  and  olfactory  cells.  One  approach  is 
to  integrate  many  selective  sensor  elements 
for  mu  1 1  imo  I  ecu  I  a  r  information.  The  other 
approach  is  to  integrate  non - se I ec t i ve  sensor 
elements.  Both  types  of  sensors  require  in¬ 
formation  processing  for  simultaneous  recog¬ 
nition  of  mu  I t i componen  t  s  .  In  this, 
investigation,  non - se ! ec t i ve  sensor  elements 
have  been  investigated  onto  a  single  device 
to  simulate  the  function  of  taste  sensory 
system. 

The  concept  of  the  taste  sensor  is 
schematically  illustrated  in  Fig.  I.  The 
sensor  consists  of  an  optically  transparent 
substrate  and  several  layers  of  Langmuir- 
Blogett  (LB)  films,  each  layer  containing 
different  fluorophores.  Fluorescence  of  an 
LB  film  may  be  quenched  or  enhanced  when  the 
film  comes  to  contact  with  molecules  of 
taste.  Since  each  fluorophor  fluoresces  at  a 
different  characteristic  wavelength,  the 
responses  of  the  films  can  be  differentiated. 
Anthracene,  perylene,  and  pyrene  were  used  as 
fluorophors  for  the  taste  sensor. 

Experimental 

A  non - f l uorescent  quartz  glass  plate  was 
employed  as  a  substrate  for  the  LB  film.  The 
plate  was  cleaned  and  silanized  to  make  the 
surface  hydrophobic.  A  benzene  solution  con¬ 
taining  9  ,  1  2  -  a n t h r o y I o x y  stearate  and 
stearate  was  spread  on  the  surface  of  a  0.25 
rrMCdCl2  aqueous  solution  in  a  through  (Kyowa 
Kaimen  Kagaku  Co.  Ltd.).  Bilayers  of 
s t ea r a t e/an t h roy I oxy  stearate  were  deposited 
on  the  silanized  plate  under  a  contact  sur¬ 
face  pressure.  In  a  similar  manner,  LB  films 
containing  I -py renebu t y r i c  acid  and  perylene 
were  deposited  on  the  silanized  quarts  glass 
plate.  The  light  beam  impinged  on  the  LB 
film  at  the  incident  angle  which  would  best 
Induce  excitation  of  the  embedded  fluorophor. 


Results  and  Discussion 

The  maximum  excitation  peaks  of  the 
py r enebu t y r a t ef s t ea r a t e  LB  film  approached  ai 
325  and  342  nm  and  the  emission  peaks  were 
observed  at  376  and  395  nm.  Those  of  the 
pery  lene/arach  i  date  LB  film  were  412  and  430 
nm  for  excitation  along  with  470  nm  for 
emission.  The  fluorescence  intensity  varied 
depending  on  the  surface  pressure  in  film 
preparations,  and  decreased  by  30  %  when  it 
was  inmersed  in  an  aqueous  solution. 

Fluorescence  of  these  LB  films  quenched 
in  responding  to  sodium  glutamate  and  guanyl 
phosphate  (GMP),  when  each  of  these  taste 
molecules  is  solely  present  in  a  solution. 
In  contrast,  however,  fluorescence  peaks  at 
were  sharply  enhanced  due  to  coexistence  of 
sodium  glutamate  and  guanyl  phosphate  as 
shown  in  F i g . 2 . 


F^g-  I  Concept  of  an  optical  chemical  sensor 
tor  simultaneous  recognition  of  mu  1 1 (component . 


Wiveleflgih  /  nm 


Fig.  2  Fluorescence  response  of  a  LB  film 
containing  pyrenebutvrate  and  perylene  to 
guanylic  acid  and  glutamic  acid. 
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FIBEROPTIC  PRESSURE  TRANSDUCERS  FOR  MEDICAL 
APPLICATIONS. 

Thor- Erik  Hansen 

ame,  a.s  micro  electronics 

Knutsrodveien  7,  n-3191  Horten,  Norway 


1.  Introduction. 

A  series  of  fiberoptic  sensors  that  have 
been  develloped  at  the  Central  Institute  in 
Oslo,  and  ame  in  Horten,  Norway.  The  work 
was  first  directed  towards  electro¬ 
technical  aplications  where  noise  immunity 
and  galvanic  insulation  are  important.  (1). 
The  work  in  medical  pressuie  transducers 
v  i s  motivated  from  the  need  to  solve  the 
serious  packaging  problems  confronting 
electric  micro- tip  pressure  transducers.  As 
the  body  liquids  represent  a  very  hostite 
environment  to  pressure  sensitive 
semiconductor  elements. 

2.  Theory  of  operation. 

The  fiberoptic  transducer  configuration  is 
shown  in  fig  1.  The  two  legs  of  a  bifur¬ 
cated  fiber  bundle  are  connected  to  a  LED 
and  a  photodetector,  respectively.  A  measu¬ 
ring  tip  with  a  thin  metall  membrane  is 
mounted  at  the  commen  end  where  the  fibers 
from  the  two  legs  are  randomly  mixed. 
Coupling  of  light  from  the  LED  into  the  leg 
connected  to  the  photodetector  varies  with 
the  detletion  oi  the  membrane.  In  our 
transducers  with  an  incident  optical  power 
of  lOOnW  at  the  detector  and  a  membrane 
distance  of  30  um,  the  theoretical  reso¬ 
lution  is  about  0,5  nm  for  a  bandwidth  of 
100  Hz  (2) . 

3.  Fabrication  of  the  transducer. 

The  fiber  diameter  is  about  50  um  and  the 
acceptance  angle  is  60°.  The  bundles  are 
cut  in  convenient  lengths  and  split,  and 
the  resulting  bifurcated  bundles  are  then 
fitted  into  suitable  medical  catheters.  The 
distribution  at  the  common  end  is 
approximately  random.  Fiberoptic  connectors 
are  mounted  at  the  two  leys.  Finally,  the 
measurement  tip  is  mounted.  The  membrane  is 

10  um  thick  and  the  diameter  is  about  1.6 
mm.  The  material  is  stainless  steel,  and 
electron  beam  or  laser  welding  techniques 
are  used  in  the  production  process.  An  air 
channel  connects  the  space  behind  the 
membrane  through  the  catheter  to  the  atmos¬ 
phere.  Transducers  are  made  in  6,  7  or  8F 
catheters  (outer  diameter  ranging  from  2.0 
to  2.6  mm).  The  total  lenght ,  including  the 
legs,  is  185  or  250  cm.  A  Fiber -Tip  trans¬ 
ducer  built  in  a  7F  catheter  is  shown  in 
tig.  2  (a)  and  a  detail  of  the  measurement 
tip  is  shown  in  fig.  2  (b). 

4.  Results. 

The  medical  transducers  are  intended  for 
the  physiological  measurement  range  from  - 
100  to  300  mmHg.  Permitted  overload  is  3000 
mmHy  and  the  hysteresis  is  better  than  IV 
This  is  shown  in  fig.  3. 


The  thermal  drift  in  the  pressure  response 
is  less  than  0,1‘»/°C  for  the  temperature 
region  20°  to  45°C.  Thermal  zero-point 
drift  is  less  than  0,5  mmHg/°C  and 
approaches  0,1  mm  Hg/°C  in  the  best 
transducers.  In  animal  experiments  the 
zero-point  long-term  drift  when  measuring 
in  blood  was  found  to  be  less  than  0,5  mmHg 
per  hour  (determined  by  using  a  hydrauli¬ 
cally  coupled  catheter -transducer  system  in 
parallel  as  referance) .  Potential  frequency 
response  is  20  kHz . 

Transdusers  have  been  tested  at  10000  volts 
between  the  measurement  tip  and  the 
connectors  at  the  two  legs.  A  leakage 
current  of  typically  3  uA  originated  in 
catheters  incorporating  a  steel  wire  braid 
in  the  wall  for  torque  control  and  manoeuv¬ 
rability.  The  transducers  can  take  strong 
bending  and  can  be  tied  into  knots  with  a 
3  cm  diameter  without  breakage.  During 
operation  this  may  give  a  zero-point  snnc 
of  typically  0,3  mmHg.  This  represents  a 
0,03*.  perturbation  of  the  light  flux  in  the 
fiber  bundle. 

5.  clinical  tests  and  applications. 

The  first  application  was  for  intra¬ 
vascular  cardiological  examinations  where 
the  transducers  has  been  tested 
successfully  in  right  hand  side  catheri- 
zations.  Another  important  application  is 
urodynamic  examinations  which  is  shown  in 
fig.  4  (3).  Applications  also  includes  a 
probe  tor  measurement  in  the  stomach  and 
the  duodenum  and  a  monitor  for  uterine 
pressure  during  labour. 

6.  Conclusions. 

A  fiberoptic  medical  pressure  transducer 
has  been  realized.  The  performance  compare 
very  favourably  with  commercial  available 
micro-tip  transducers  and  other  fiberoptic 
transducers.  The  development  have  resulted 
in  a  commercial  fiberoptic  medical  pressure 
transducer . 
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Fig.  1.  The  fiber-optic  pressure  transducer 
principle  configuration. 


PlmmHg)— ■ 


Fig.  3  Signal  from  sensor  interface  as 
function  of  pressure  at  the  measurement 
tip.  The  figure  demonstrates  the  linear 
region  and  the  overload  capacity  of  the 
transducer . 


(a) 


Fi'J.  2  la)  Fiberoptic  microtip  pressure 
transducer  built  in  7F  catheter.  Outer 
diameter  2,1  mm,  length  185  cm.  (b)  Detail 
of  measurement  tip.  The  active,  diameter  of 
membrane  is  about  1(6  mm  and  the  thickness 
is  10  urn.  The  material  is  stainless  steel. 
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There  hao  been  considerable  i;.. crest  in  the 
development  of  fiber  optic  f luoroimmunosensors 
for  medical  diagnost ics [ 1 , 2, 3 ] .  These  sensors 
have  the  potential  of  not  requiring  a  complex 
clinical  laboratory.  Other  advantages  of 
optical  fibers  include  remote,  small  size, 
immunity  to  electromagnetic  interference,  lack 
of  electrical  connections  in  the  sensing  area, 
and  relatively  low  cost. 

Evanescent  fiber  optic  sensors  are  based  on 
the  principle  of  total  internal  reflection 
(TIR) ,  which  occurs  when  light  originating  in 
a  higher  refractive  medium  hits  the  interface 
of  a  lower  refractive  medium.  During  TIR,  an 
evanescent  wave  is  generated  at  the  interface 
which  exponentially  decays  into  the  lower 
refractive  medium  with  a  depth  of  penetration 
of  approximately  a  third  of  a  wavelength. 

In  one  application  of  the  fiber  optic 
immunosensor ,  the  evanescent  wave  penetrates 
into  a  layer  of  antibodies  (Abs)  immobilized 
at  the  fiber  core  (Figure  1).  Fluorescent  1  y 
labeled  antigens  (Ags)  in  the  bulk  solution 
bind  to  th®  Abs,  and  are  excited  by  the 
evanescent  wave.  The  excited  fluorescence  at 
or  near  the  surface  couples  back  into  the 
fiber  by  reciprocity,  and  propagates  as  bound 
modes  to  the  detector [4].  The  evanescent 
excitation  and  back  coupling  mechanism  gives 
rise  to  surface  sensitivity  by  minimizing  the 
collection  of  bulk  fluorescence;  this  also 
eliminates  the  need  to  physically  remove  the 
labeled  Ags  from  the  sensor  environment. 

In  order  for  a  fiber  optic  immunosensor  to 
be  practical,  the  sensitivity  and  dynamic 
range  of  the  sensor  must  be  comparable  with 
existing  techniques,  such  as  radioimmunoassay 
and  enzyme  immunoassay.  The  sensitivity  of 
the  sensor  is  determined  by  the  affinity  of 
the  Ab  for  the  Ag .  If  the  Ab  has  a  high 
binding  constant,  a  lower  concentration  of  Ab 
can  be  detected  due  to  the  strong  attraction 
of  Abs  for  the  Ags.  In  addition,  the 
sensitivity  is  also  governed  by  the  sensor's 
lower  fluorescence  detection  limit. 

The  dynamic  range  of  the  sensor  is  limited 
by  the  surface  concentration  on  the  sensor. 
As  the  surface  concentration  decreases,  a 
lower  concentration  is  required  to  saturate 
the  sensor,  which  reduces  the  upper  detection 
1 imit . 


A  scherruiic  of  the  optical  system  is  shown 
in  Figure  2;  and  the  experimental  procedure 
were  previously  described  elsewhere ( 5] .  The 
midsection  of  a  600^m  optical  fiber  (Quartz 
Products)  is  used  as  the  sensor. 

Two  experiments  were  performed  where: 

1)  human  immunogobu 1 inG (H-IgG)  were  covalently 
immobilized  on  the  sensor  to  detect  tetra- 
methylrhodamine  conjugated  IgG  (MRITC 
anti-H  IgG,  Sigma  Chemicals)  and 

2)  an*-!-11  IgG  were  covalently  immobilized  on 
the  sensor  to  detect  MRITC  H-IgG  (Jackson 
Immunoresearch) .  The  labeled  anti-H  IgG  and  H— 
IgG  were  prepared  in  phosphate  buffered  saline 
(PBS,  pH-7.4).  The  unlabeled  H-IgG  and  anti-H 
IgG  (Cappel  Laboratories)  were  immobilized  to 
the  sensor  surface  by  3-aminopropy It riethoxy 


silane  and  glutaraldehyde  16) . 


The  specific  binding  of  MRITC  anti-H  IgG 
to  H-IgG  immobilized  on  the  sensor  surface  as 
a  function  of  concentration  is  shown  in  Figure 

3.  A  plateau  of  the  signal  near  0.5mg/mL  of 
MRITC  anti-H  IgG  indicates  the  sensor  surface 
was  close  to  saturation.  The  lower  limit  was 
O.Olmg/mL  of  labeled  anti-H  IgG. 

The  specific  binding  of  MRITC  H-IgG  to  anti- 
H  IgG  covalently  immobilized  on  the  sensor 
surface  was  found  to  saturate  at  0.001  mg/mL, 
which  was  also  the  lower  limit  due  to  the 
sensor's  sens  it ivity ( Figure  4).  The  surface 
concentration  of  antl-H  IgG  was  determined  to 
be  1.4xlO'17  moles/cm?  using  radioimmunoassay. 
This  indicates  only  about  4%  of  the  active 
sites  on  the  anti-H  IgG  are  available  for  H- 
IgG  to  bind  with.  In  other  words,  many  of  the 
active  sites  are  blocked  when  the  anti-H  IgG 
are  covalently  immobilized  on  the  sensor, 
allowing  the  surface  to  saturate  at  low 
concent  rat  ions . 

CONCLUSIONS 

The  H-IgG  has  many  epitopes  to  which  the 
anti-H  IgG  can  bind,  thus  increasing  the 
surface  concentration  of  binding  sites  as 
compared  to  when  the  anti-H  IgG  is 
immobilized.  This  would  account  for  the 
greater  dynamic  range  with  H-IgG  immobilized 
on  the  sensor. 

The  minimum  detectable  concentration  with 
H-IgG  immobilized  on  the  sensor  is  greater 
than  that  detected  vith  anti-H  IgG.  This  is 
attributed  to  the  binding  c  nstant  being  an 
order  of  magnitude  lower  for  H-IgG  than  for 
anti-H  IgG  immobilized  on  the  sensor[6). 

Further  studies  must  be  undertaken  on  the 
surface  chemistry  and  optics  to  increase  the 
dynamic  range  and  sensitivity  of  the  sensoi . 


Funding  for  this  project  was  provided  by  a 
seed  grant  from  the  Center  for  Sensor 
Technology.  The  authors  would  like  to  thank 
J.  Ives,  J.N.  Lin,  J.  Herron,  V.  Hlady,  and  P. 
Suci  for  technical  assistance. 


1.  W.  Love  and  R.  Slovacek,  paper  presented 
at  OFS  '86,  Tokyo,  Japan,  Oct.  1986. 

2.  R.  Sutherland,  C.  Dahne,  J.  Place,  and  A. 
Ringrose,  Clin.  Chem.,  vol .  30,  p.  1533, 
1984  . 

3.  T.  Hi rschf e Id,  U.S.  Pat.  No.  4, 147, $46 
(1984)  . 

4.  C.  Carniglia,  L.  Mandel,  and  K.  Prexhage, 
J.  Opt.  Soc.  Am.,  vol.  62,  p.  479,  1972. 

5.  D.  Yoshida,  J.  Ives,w.  Reichert,  D. 
Christensen,  and  J.  Andrade,  Proc.  SPIE, 
vol.  904,  p.  57,  1988. 

6.  J.N.  Lin,  J.  Herron,  J.  Andrade,  and  M. 
Brizgys,  IEEE  Trans.  Bio.  Eng.,  in  press. 


940 


25000 


• 

Unlabeled  antigen 

®  * 

Fluorescent  1  y 

labeled  antigen 

Y 

Antibody 

Figure  1.  Illustration  of  evanescent 
excitation  of  the  f luorescently  labeled 
antigens  bound  to  the  antibodies 
immobilized  on  the  sensor  surface. 
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Figure  2.  Schematic  of  the  experimental 
optical  system. 


w 


MRITC  anti-H  IgG,  mg/mL 


Figure  3.  Fluorescent  signal  above 
background  fluorescence  for  the  specific 
binding  of  MRITC  anti-H  IgG  to  H-IgG 
covalently  bound  to  the  sensor.  The 
signal  begins  to  saturate  at 
approximately  0.5  mg/mL  of  labeled 
anti-H  IgG. 


Figure  4.  Fluorescent  signal  above 
background  for  the  specific  binding  of 
MRITC  H-IgG  to  anti-H  IgG  covalently 
immobilized  to  the  sensor  surface. 

The  sensor's  lower  detection  limit 
and  saturation  concentration  occur  at 
0  001  mg/mL  of  labeled  H-IgG. 
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Approximately  21%  of  the  total  US  energy 
consumption  is  for  the  heating  and  cooling  of 
buildings.  It  is  estimated  that  about  60%  of  the  gas 
and  oil  used  for  these  functions  could  be  saved  by 
using  advanced  absorption  heat  pump  systems.  Advanced 
multi-effect  absorption  cycles  with  heating  and 
cooling  coefficients  of  performance  of  about  two  have 
been  identified  and  laboratory  prototypes  are  being 
tested. 

The  absorption  refrigeration  system  is  a  heat 
driven  cycle;  the  operation  of  single-effect  systems 
are  described  in  the  literature.*  Multi-effect  cycles 
are  single-effect  cycles  cascaded  together  to  provide 
larger  heat  amplification. 

In  designing  absorption  heat  pump  systems  one  finds 
that  the  absorber  is  the  heat  exchanger  that 
determines  the  thermal  efficiency  and  capacity  of  the 
total  system  and.  hence,  directly  affects  the 
operating  economics.  Two  basic  problems  are 

encountered.  These  are  the  failure  of  the  absorber  to 
reach  the  predicted  equilibrium  conditions  and  the  low 
heat  transfer  coefficient  at  the  vapor -absorbent 
interface . 

Fiber  optic  sensors  capable  of  measuring  the  real 
time  ln-situ  absorber  concentration  in  the  liquid 
films  on  the  absorber  heat  exchange  surfaces  are  being 
developed.  Preliminary  studies  with  the  LiBr-l^O 
fluid  have  been  completed. 

EXPERIMENTAL 

The  sensors  are  prepared  by  removing  about  a  4  cm 
section  of  the  f luoropolymer  buffer  and  polymeric 
cladding  from  a  step  index  silica  core  fiber  optic 
(Model  HC-612-T,  Ensign  Bickford  Optics  Co.,  Avon,  CT 
06001).  The  exposed  core  is  straight.  Ac  the  exposed 
core  the  LiBr  solution  serves  as  the  low  index  medium. 
According  to  Fresnel's  Law  of  Reflection,  the  fraction 
of  intensity  refracted  into  the  lower  index  medium 
Increases  as  the  refractive  index  of  the  LiBr  solution 
approaches  that  of  silica.  This  loss  of  intensity  is 
observed  as  a  decrease  in  the  light  transmission 
efficiency  of  the  fiber.  This  transmission  efficiency 
is  related  to  the  concentration  of  the  LiBr  solution 
and  forms  the  basis  for  the  sensor. 

A  schematic  drawing  of  the  absorption  test 

apparatus  is  shown  in  Figure  1.  The  vessel  is 

constructed  from  stainless  steel.  Four  fiber  optic 
sensors  are  attached  to  four  heat  exchange  tubes  with 
custom  designed  clips.  The  fiber  core  is  located 

about  0.6  mm  from  the  tube  surface.  The  laurtrh  face 
of  each  fiber  optic  is  illuminated  with  a  light- 
emitting  diode  (LED).  Custom  fabricated  bushings  that 
allow  full  illumination  of  the  fiber's  acceptance  cone 
are  used  to  couple  the  fiber  optics  to  the  LEDs 
Reflected  light  emerging  from  the  rear  of  each  LED  is 
monitored  with  a  silicon  diode  to  provide  a 

normalization  signal;  light  emerging  from  the  exit  end 
of  Che  fiber  optic  is  monitored  with  a  second  silicon 
diode.  A  thermocouple  Junction,  that  measures  the 
liquid  temperature,  is  located  adjacent  to  each  fiber 
optic  sensor. 


The  solution  in  the  sump  of  the  vessel  is  heated  to 
form  absorbent  and  water  vapor.  A  recirculating  pump 
transfers  the  absorbent  from  the  sump  to  the  drip  tube 
located  above  the  heat  exchange  tubes  Water  vapor  is 
absorbed  by  the  thin  liquid  film  as  drops  of  absorbent 
fall  from  the  drip  tube  and  contact  the  heat  exchange 
surfaces.  This  process  of  drop  formation,  detachment, 
and  liquid  film  formation  is  repeated  on  each  heat 
exchange  tube.  The  dilute  absorbent  returns  to  the 
sump  of  the  vessel.  The  heat  of  absorption  and 
dilution  is  transferred  to  the  cooling  water  flowing 
through  the  heat  exchange  tubes.  Data  acquisition  and 
analysis  are  conducted  with  a  personal  computer. 

RESULTS 

Figure  2  is  a  plot  of  the  time  dependence  of  the 
vessel  pressure  and  the  LiBr  concentration  on  the 
second  heat  exchange  tube  for  a  typical  experiment 
The  mean  percent  [w/w]  LiBr  measured  on  the  four  heat 
exchange  tubes  are  49.1,  48.0,  47.5  and  47.9%  with 

standard  deviations  of  0.5,  0.4.  0.5  and  0.6%, 

respectively.  Based  upon  sensor  calibration  data,  the 
standard  deviation  of  the  refractive  index  measurement 
is  0.0004  R.I.  units,  which  corresponds  to  about  0.1* 
[w/w]  LiBr.  Except  for  heat  exchange  tube  number 
four,  a  continuous  dilution  of  the  absorbent  is 
observed  as  it  flows  from  one  heat  exchange  tube  to 
the  next.  Heat  recovery  is  typically  90%. 

The  large  transients  are  caused  by  the  uneven 
boiling  of  the  solution  in  the  sump.  The  sudden 
increase  in  pressure  increases  the  rate  of  the 
absorption  process.  The  coherence  between  the 

pressure  and  concentration  fluctuations  is  observed  on 
all  four  heat  exchange  tubes.  Cross  correlations  of 
pressure  with  concentration  and  pressure  with 
temperature  show  that  both  temperature  and 
concentration  lag  the  pressure,  with  temperature 
lagging  behind  the  concentration. 

An  absorption  additive,  2 -ethyl  - 1 -hexanol  is  added 
to  commercial  LiBr-^O  chiller  systems  to  improve 
their  thermal  efficiency  and  capacity.  It  is  thought 
that  the  additive  enhances  the  mass  transfer  of  water 
vapor  across  the  vapor- liquid  interface,  however,  the 
actual  mechanism  of  its  action  is  unknown  ^ * 
Experiments  designed  to  measure  this  enhanced  mass 
transfer  were  conducted.  Results  from  these 

experiments  did  not  show  an  increase  in  the  absorption 
process.  Absorption  experiments  with  related 

compounds  also  failed  to  show  enhanced  absorption 

Adapting  the  sensor  to  other  absorbent  refrigerant 
pairs  requires  modification  of  the  sensor  geometry  to 
provide  sufficient  sensitivity  at  different  refractive 
index  ranges.  Work  on  a  fiber  optic  sensor**  suitable 
for  use  with  the  NH3-H2O  fluid  is  in  progress  The 
refractive  index  range  for  the  NH3-H2O  fluid  is  1  34 
to  1.37. 
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Figure  1.  Schematic  drawing  of  the  absorption  test 
apparatus . 


Figure  7.  Typical  time  dependence  of  concentration 
and  pressure 
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Introduction. 

This  paper  describes  a  method  for  the  localisation 
of  moving  objects  (robots  or  vehicles)  in  a 
restricted  area,  using  a  CCD-caroera.  In  particular, 
a  method  for  improvement  of  the  resolution  as  well 
as  the  range,  by  adding  a  second  camera,  is 
introduced.  It  is  shown  how  an  optimal  system 
design  can  be  made  given  the  shape  and  size  of  the 
practical  area 

Principle . 

The  surface  of  the  area  of  interest  is  projected 
onto  a  two-dimensional  light-sensitive  device,  in 
this  case  a  CCD-chip.  Every  spot  on  the  CCD-chip 
corresponds  to  Just  one  location  in  the  field  of 
sight  of  the  camera.  This  one-to-one  relation  is 
the  basis  of  the  position  finding  system  described 
in  this  paper. 

In  order  to  distinguish  between  the  objects  of 
interest  and  the  background,  the  objects  are 
equipped  with  a  small,  omnidirectional  light 
source.  The  influence  of  sunlight  and  other 
Interfering  light  sources  can  be  eliminated  by 
using  monochromatic  infrared  light  and  optical 
bandpass  filters  in  front  of  the  camera. 

With  these  precautions,  a  set  of  objects  or 
vehicles  within  the  field  of  sight  results  in  a 
corresponding  set  of  illuminated  pixels  on  the  CCD- 
chip.  from  the  geometric  relation  between  the  row- 
and  column  numbers  of  the  pixels  and  the  position 
of  the  light  spots  in  the  field,  the  coordinates  of 
each  object  can  be  calculated. 

Effmlvg _ lings _ apd._iesplutipn  of  a  single  camera 

The  field  of  view  of  a  camera,  mounted  on  a  height 
h  and  with  an  elevation  angle  <  between  the  optical 
axis  and  the  plane  normal,  has  the  shape  of  a 
trapezium.  The  size  of  this  trapezium  is  determined 
only  by  the  height  h;  the  angle  of  elevation 
determines  its  size  as  well  as  its  shape  (Fig.  1). 
The  resolution  of  the  position  finding  system  is 
limited  by  the  pixel  size  of  the  CCD-chip  projected 
on  the  field.  It  is  easily  seen  that  all  pixel 
images  have  exactly  the  same  size  If  the  viewing 
direction  of  the  camera  is  perpendicular  to  thp 
field  f-0  Increasing  the  angle  of  elevation  does 
increase  the  pixel  areas,  especially  in  the  range 
near  the  horizon.  Thus,  when  using  a  system  with 
just  one  camera,  a  compromise  between  range  (large 
angle  of  elevation)  and  resolution  ( i  rihomogenious 
along  the  optical  axis)  is  required  (Fig.  2).  A 
restricted  mounting  height  (In  particular  indoors) 
further  limits  the  applicability  of  such  a  position 
finding  system. 


Effective  range  and  resolution  of  a  two-camera 
system. 

With  two  cameras,  the  range  and  the  resolution  of 
the  position  finding  system  can  be  improved 
simultaneously.  In  that  case  only  the  column 
information  of  the  CCD-chip  is  required. 

The  colums  are  projected  on  the  ground  plane  as 
lines  that  convert  towards  the  camera.  Both  cameras 
are  mounted  at  a  fixed  height  h,  a  distance  ?a 
apart  of  each  other,  and  both  with  an  angle  of 
elevation  equal  to  f .  The  optical  axes  of  the 
cameras  make  an  angle  6.  Further,  the  optical  axes 
are  directed  towards  the  same  field,  resulting  in  a 
kite-shaped  effective  area  (Fig.  3)  The  images  of 
the  colums  form  a  pattern  of  crossing  lines  which 
allows  the  reconstruction  of  the  ^osiLiur.  of  a 
light  spot  within  the  kite-shaped  area 

The  quality  of  this  position  finding  system  is 
characterized  by  the  effective  area  and  the 

resolution.  Both  are  determined  by  the  design 
parameters  e,  S  and  a.  Another  design  parameter  is 
the  focal  length  of  the  camera.  In  a  practical 
application.  the  effective  area  should  fit  as  good 
as  possible  the  area  of  the  field.  As  the 

resolution  is  not  homogenlous  over  the  area,  a 
better  criterium  for  optimal  design  is  the 

deviation  of  the  pixel  area  from  its  mean  over  the 
total  area. 

Fig.  U  shows  examples  of  output  plots  for  some 
particular  combinations  of  the  design  parameters  c. 
f,  a/h  and  the  viewing  angle  a  of  the  camera  The 
curved  lines  represent  pixels  of  equal  area,  the 
line  marked  1  corresponds  to  the  mean  pixel  area 
From  a  geometric  analysis  it  appears  that  uv 
optimum  resolution  occurs  at  a  horizontal  upper 
boundary  of  the  viewing  field,  that  is.  t-* 
Furthermore,  the  area  of  the  total  field  of  view 
can  be  enlarged  by  simply  increasing  the  distance 
?a  between  the  cameras.  The  distribution  of  ‘ho 
pixel  areas  is  not  influenced  by  this  distance 


Appendix . 

Formulas  tor  the  pixel  area  '  and  the  *>•?.»! 

art- a  A 


&A(-,y)  -  2  OnUtOh.l  cosUH) 
n2 

{  (a  ■  tan  (lr>dHx)  ;-  [y  •  tan  (ioL,  1  JjJ’ 
ax 


2a2  •  sir.2  ( Johr) 
sin  (6)  (cos  (lahr)-cos  (5)) 
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In  many  optical  applications  a  detector  having  a  particular  spectral 
response  curve  is  required.  The  conventional  solution  involves  the 
deposition  of  dyed  colour  filters  on  a  photodiode.  Such  a  processing 
step  is,  however,  not  based  on  a  silicon  process.  In  a  more  flexible 
approach  a  certain  response  specification  in  the  visible  part  of  the 
spectrum  can  be  met  using  the  properties  of  silicon,  which 
automatically  implies  process  compatibility  with  silicon  processing. 
The  wavelength -dependent  properties  of  silicon  detectors  are 
usually  considered  as  a  detrimental  effect  which  degrades  the 
performance  in  solar  cell  or  optical  calibration  applications.  A 
method  will  be  presented  for  applying  this  effect  for  the  flexible 
design  of  silicon  photodiodes  having  predictable,  well  defined  and 
distinct  spectral  responses. 

The  indirect  bandgap  in  silicon  results  in  a  relatively  small 
absorption  probability  at  an  energy  level  just  beyond  the  bandgap. 
as  a  large  change  in  momentum  is  required  to  allow  a  transition, 
and  a  maximum  absorption  at  3.4  eV,  where  a  direct  transition  is 
possible.  This  effect  causes  short- wavelength  light  to  be  absorbed 
shallowly  and  allows  long-wavelength  light  to  penetrate  deeply 
into  the  silicon. 

The  basic  device  structure  used  to  apply  this  effect  for  the 
electronic  programming  of  the  spectra!  response  is  shown  in  Fig  I. 
This  dual-diode  structure  is  fully  compatible  with  a  standard 
bipolar  process.  The  photocurrent  detected  in  the  upper  or  lower 
junction  is  composed  of  several  components.  The  quintessence  of  the 
spectral  response  shaping  technique  is  the  selective  omission  or 
supply  of  each  of  these  components  to  the  detected  photocurrent  in 
one  of  the  junctions.  Increasing  of  the  collecting  depth  down  from 
the  upper  junction  will  favour  the  long- wavelength  response  of 
this  junction,  whereas  an  increase  of  the  lower  junction  collecting 
layer  up  from  the  junction  will  improve  the  short- wavelength 
response  of  the  lower  junction  at  the  expense  of  the 
long-wavelength  response  of  the  upper  junction  (  l  ]. 

Both  junctions  are  connected  to  a  reverse  voltage  giving  depleted 
regions  extending  on  either  side  of  the  junctions,  viz.  from  X 
down  X  for  the  upper  junction  and  from  X  down  to  X  for 

un  I"  'p 

the  lower  junction,  having  a  width  determined  by  the  reverse 
voltage  applied  across  the  junction  and  the  respective  layer  doping 
concentrations.  Due  to  positive  oxide  charge  also  a  surface  depletion 
layer  will  appear.  In  between  the  junction  rpace-charge  regions  a 
quasi-neutral  layer  will  exist.  A  depletion  layer  reveals  an  almost 
ideal  collecting  efficiency,  whereas  this  efficiency  is  limited  in  the 
neutral  part  of  the  n-epilayer  in  between  X(n  and  X^  due  to  a 
finite  diffusion  length  of  the  generated  charge  carriers.  In  the 
quasi -neutral  layer  »n  between  X  and  X  a  majority  carrier 

•p  up 

field  prevails  giving  a  high  collection  efficiency  in  this  layer.  The 
photocurrent  in  a  layer  can  be  calculated  by  solving  the  continuity 
equation  in  that  particular  layer  under  the  appropriate  boundary 
conditions  meanwhile  assuming  a  charge  generation  rate  depending 
exponentially  on  the  depth  and  the  absorption  coefficient. 


Fig. 2  shows  the  distinguishable  wavelength-dependent  current 
components  in  the  different  layers  that  contribute  to  the  total 
photocurrent.  J  ,  detected  in  the  upper  junction  assuming  depleted 
regions  having  a  width  as  shown  in  this  figure.  J  denotes  the 

up 

fraction  of  charge  carriers  generated  in  the  quasi-neutral  part  of 
the  shallow  p-type  layer  in  between  the  boundary  of  the  surface 

space-charge  region,  X  ,  and  the  upper  junction  depleted  region, 

•p 

X  ,  that  are  able  to  contribute  to  the  photocurrent  in  the  upper 

up 

junction.  This  term  is  strongly  dependent  upon  the  oxide  charge. 
The  photocurrent  is  due  to  the  charge  carriers  generated  in  the 
depleted  region  and  is  therefore  depending  upon  the  reverse 
voltage  across  the  upper  junction.  The  term  J  denotes  the  fraction 
of  charge  carriers  generated  in  the  neutral  layer  in  between  X 
and  Xjn  that  are  able  to  diffuse  upwards  to  the  upper  junction.  This 
photocurrent  is  strongly  affected  by  the  ratio  between  the  reverse 
voltages  across  the  upper  and  lower  junction,  as  a  generated  charge 
carrier  is  likely  to  diffuse  to  the  nearest  depleted  region. 

A  similar  calculation  can  be  made  with  respect  to  the  lower 
junction  and  the  results  are  depicted  in  Fig.  3  J ^  denotes  the 
amount  of  charge  carriers  that  are  able  to  diffuse  downwards  to  the 
lower  depleted  region,  whereas  J)d  refers  to  those  generated  in  the 
depleted  region  and.  finally,  J^.  those  thet  are  generated  beyond 
the  depleted  region  in  the  p-type  substrate. 

A  major  simplification  can  be  introduced  by  assuming  a  sensor 
structure  in  which  the  combined  upper  and  lower  space-charge 
region  deplete  the  entire  epilayer  resulting  in  •*un*J}n=0- 
method  divides  the  epilayer  into  two  charge  collecting  layers  in 
which  the  upper  layer  determines  the  desired  sensor  response  and 
the  lower  prevents  minority  charge  carriers,  generated  beyond  the 
upper  depleted  region  from  contributing  to  the  detected 
photocurrent  in  the  upper  junction  An  increasing  reverse  voltage 
across  the  upper  junction  will  lead  to  an  increasing  contribution  of 
long- wavelength  light  to  J^.  The  epitayer-substrate  reverse 
voltage  is,  for  that  purpose,  controlled  by  the  pinch-off  in  an 
integrated  JFET  structure  with  an  upper  junction  identical  to  the 
shallow  layer  and  the  substrate  acting  as  the  lower  gate.  This 
measure  precludes  the  existence  of  a  neutral  layer  in  the  epilayer 
and  makes  an  electronically  tunable  long-wavelength  cut-off 
possible  using  the  reverse  voltage  across  the  upper  junction. 

An  independently  controllable  short-wavelength  cut-off  is  realised 
based  on  the  control  of  the  surface  space  charge  region  using  an 
As*  implantation  in  the  oxide  covering  the  photodiode  in  order  to 
control  the  surface  depletion  layer  up  to  full  depletion  of  the 
p-type  toplayer.  The  extra  As*  implantation  in  the  oxide  reduces 

J  and  causes  a  shift  of  the  short- wavelength  cut-off  io  longer 
up 

wavelengths.  These  design  parameters  allows  the  realisation  of 
clearly  different  spectral  responses  without  applying  color  dyes 
Fig.  4  shows  four  different  spectral  responses  in  which  curve  «l 
denotes  the  response  of  a  shortcircuited  photodiode  having  a 
boron  implanted  junction  at  0.5  jim  depth  in  a  8  tim  thick  6  0cm 
epilayer  and  curve  #3  the  response  of  the  same  diode  connected  to  a 
reverse  voltage  across  the  upper  junction  equal  to  16V  and  a 
substrate  voltage  depleting  the  remaining  epilayer  Curve  *2 
reveals  the  response  of  a  shortcircuited  diode  with  the  same  profile 
after  a  As*  implantation  in  the  oxide  and  *4  the  response  of  this 
diode  when  applying  a  reverse  voltage  of  !6V. 

1  R.F.Wolffenbuttel  and  P  P  L  Regtien,  A  novel  approach  to 
solid-state  colour  sensing.  Sensors  and  Actuators.  Vol  9.  1986, 
pp.  199-211. 
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Silicon  color  sensors  based  on  the  wavelength-dependent  response  of 
silicon  photodiodes  in  the  optical  part  of  the  spectrum  have  been 
reported  before  however  lacking  an  output  signal  in  a 

digital  form.  This  effect  is  usually  considered  to  be  an  undesirable 
effect  which  reduces  the  performance  of  solar  cells  and  complicates 
the  application  of  silicon  photodiodes  as  optical  calibration 
detectors.  In  conventional  research  on  this  subject,  measures  are 
explored  for  reducing  this  wavelength  dependent  effect.  In  the 
color  sensor  the  opposite  objective  is  pursued  and  measures  are 
taken  to  maximise  the  wavelength  dependence  of  the  response  in 
order  to  obtain  electronically  tunable  optical  filters  in  silicon.  In 
numerous  applications  such  a  color  sensor  can  be  employed 
successfully. 

There  is  a  wide  range  of  domestic,  agricultural  and  robotic 
applications  where  only  a  significant  shift  in  the  optical  spectrum 
has  to  be  detected.  No  image  information  is  required  and  no 
tristimulus  colorimetric  information  need  to  be  reproduced,  so  a 
simple  color  indicator  can  be  used  to  solve  the  problem.  In  a 
conventional  photodiode  or  solar-cell  a  photocurrent  is  generated 
that  is,  at  a  certain  intensity,  in  first  approximation  proportional  to 
the  sensitive  area.  In  the  color  sensor,  shown  in  plan  and  cross- 
section  in  Fig.  1,  an  additional  mechanism  is  implemented  that 
allows  the  collection  of  only  the  charge  carriers  generated  in  a 
layer  extending  from  a  shallow  junction  down  io  an  adjustable 
boundary.  Applying  a  certain  reverse  voltage  across  the  shallow  p+ 
n  junction  for  depleting  the  lighter  doped  epilayer  down  from  the 
junction,  and  simultaneously  connecting  a  reverse  voltage  across  the 
epilayer -substrate  junction  for  depleting  the  complementary  part 
of  the  epilayer  permits  the  selective  detection  of  only  the  charge 
carriers  generated  in  the  upper  part  of  the  silicon. 

As  the  short -wavelength  components  in  the  spectrum  are  absorbed 
shallowly,  all  the  blue  light  is  already  absorbed  at  very  thin  layers. 
Therefore,  at  illumination  with  light  having  predominantly 
short-wavelength  components,  the  perceived  photocurrent  remains 
almost  constant  at  the  increasing  width  of  this  upper  depleted  part 
of  the  epilayer  associated  with  an  increasing  reverse  voltage. 
However,  at  illumination  with  long -wavelength  light  the  detected 
photocurrent  increases  with  the  layer  width  and  thus  with  the 
reverse  voltage.  The  depletion  of  the  lower  part  of  the  epilayer 
prevents  the  existence  of  a  neutral  layer  in  which  charge  carriers 
generated  beyond  the  depleted  region  could  otherwise  diffuse 
upwards  and  contribute  to  the  photocurrent,  and  thus  avoids  an 
impediment  on  the  operation  of  the  colour  sensor.  This  paper 
presents  two  different  versions  of  colour  sensors  equipped  with  a 
special  AD  conversion  adapted  to  the  sensor  operation. 

The  simplest  version  of  the  color  sensor  is  based  on  the 
determination  of  the  ratio  of  the  photocurrent  in  the  upper 
depleted  part  of  the  epilayer  relative  to  the  total  photocurrent.  The 
response  for  different  values  of  the  reverse  voltage  for  a  sensor, 
with  a  junction  at  0.5  pm  depth  and  a  surface  depletion  layer 
extending  down  to  0.2  t*m  into  the  silicon,  is  shown  in  Fig.  2  and 
clearly  reveals  a  wavelength -dependent  response  due  to  the 


different  values  of  the  depth  of  the  upper  depleted  region.  The 
operation  of  this  color  sensor  can  easily  be  combined  with  a 
dual -slope  AD  conversion  as  shown  in  Fig.  3.  In  the  first  part  of 
the  conversion  cycle  the  switch  that  supplies  the 
photocurrent,  J  ,  generated  in  the  upper  junction,  via  OA3  to  the 
integrator,  composed  of  OAl,  is  closed.  Operational  amplifier  OA3 
drives  a  current  mirror  in  such  a  way  that  no  current  flows  to  the 
non-inverting  input.  At  equal  emitter  areas  this  current  is  also 
supplied  to  the  switch.  After  a  fixed  time- interval,  T  ,  this 

,  n 

switch  is  opened  and  the  integrating  capacitor  is  discharged  w:»h 
the  total  photocurrent,  An  incident  spectrum  conta 

predominantly  short-wavelength  components  will  give  rise 
steeper  descending  slope  and  thus  results  in  a  larger  absolute 
of  the  voltage  across  the  integrator  capacitor  at  T  .  In  the  $- 
part  of  the  conversion  cycle  the  absence  of  strong  long-wavelf 
components  will  cause  a  relatively  small  ascending  slope.  Thereto 
a  dual -slope  conter  content  proportional  to  Tfc|  will  be  displayed.  A 
similar  discussion  leads  to  an  indication  proportional  to  T^  in  case 
of  illumination  with  light  containing  predominantly 
long -wavelength  components.  Operational  amplifier  OA4  generates 
the  substrate  reverse  voltage. 

A  more  flexible  approach  is  shown  in  Fig.  4  and  involves  two 
diodes  with  unequal  sensitive  areas  in  which  equal  photocurrents 
are  nevertheless  maintained  using  a  reference  diode  connected  to  a 
reverse  reference  voltage,  V  .  and  a  smaller  reverse  voltage,  V  , 
across  the  junction  of  the  larger  compensating  diode  by  means  of  a 
current  difference  controlled  feedback  loop.  For  short- wavelength 
light  a  large  difference  in  these  voltages  is  required  for 
compensating  the  difference  in  sensitive  areas,  as  all  this  light  is 
already  absorbed  shallowly.  Therefore,  for  short-wavelength 
light  and  a  particular  value  of  a  very  small  will  give  a 
baiance,  whereas  for  long-wavelength  light  will  approach 

V  f,  giving  a  wavelength-dependent  response  The  sensor 
operation  can  be  conveniently  combined  with  a  servo  AD  converter 
configuration.  A  fixed  reverse  voltage  is  applied  across  the  smaller 
photodiode,  whereas  the  reverse  voltage  across  the  larger  diode  is 
controlled  by  a  DA  converter.  The  resulting  current,  I  -I  ,  is 
fed  to  a  comparator  which  controls  a  counter  in  such  a  way  that  a 
larger  photocurrent  in  the  larger  diode  causes  the  counter  to  count 
down.  The  counter  content  is  available  as  a  digital  output  and  also 
drives  the  DA  converter  for  providing  the  reverse  voltage  across 
the  larger  photodiode.  The  voltage  V  isolates  the  two  diodes  and 

V  ensures  full  depletion  of  the  epilayer  underneath  the 
compensating  diode.  In  the  practical  sensor  two  diodes  with 
equal  dimensions  are  used  and  the  difference  in  effective  sensitive 
area  is  realised  using  a  translinear  circuit.  In  the  steady-state  the 
digital  output  of  the  counter  is  determined  by  the  color  of  the 
incident  light  and  the  value  of  the  reverse  reference  voltage,  V^f, 
across  the  smaller  photodiode. 
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Temperature  sensors  based  on  the 
fluorescence  properties  of  rare-earth  ions  in 
solids  can  be  used  in  a  variety  of 
applications  including  accurate  high- 
temperature  measurements  and  remote  thermo¬ 
metry.  [1]  For  a  given  rare  earth  phosphor, 
both  the  fluorescence  intensity  under  steady 
state  optical  excitation  and  the  fluorescence 
lifetime  of  the  phosphor  are  dependent  on  the 
sample  temperature.  Rare  earth  phosphors  are 
particularly  suited  for  high  temperature 
applications  because  the  optical  transitions 
take  place  between  energy  levels  of  the  4f 
states.  Since  the  lattice-ion  coupling  is 
small  for  the  4f  states,  processes  which 
contribute  to  the  temperature  quenching  of 
luminescence  occur  at  relatively  high 
temperatures. 

For  most  rare-earth  ions,  the  dominant 
temperature  quenching  mechanism  is  that  of 
multi-phonon  relaxation.  The  probability  of 
these  multi-phonon  processes  increases  with 
temperature  so  that  the  intensity  and 
fluorescence  lifetime  of  the  rare-earth 
emission  decreases  as  the  temperature  is 
raised.  This  mechanism  has  been  utilized  in 
temperature  sensors  based  on  Nd:YAG  and 
operation  to  temperatures  near  1100  K  have 
been  demonstrated .[ 2 ]  One  of  the  advantages 
of  temperature  sensors  based  on  europium 
phosphors  is  that  the  energy  gaps  from  the  5D 
excited  states  to  the  ground  levels  are  very 
large  relative  to  that  of  the  other  rare-earth 
ions.  Therefore,  the  multi-phonon  transition 
rate  is  extremely  small  so  that  it  should  be 
possible  to  use  europium  phosphors  for  very 
high  temperature  applications.  However,  non- 
radiative  quenching  of  luminescence  for 
europium  phosphors  does  occur  and  is  dominated 
by  the  interaction  with  the  host  crystal  by 
the  charge-transfer  transitions  of  the 
europium  ions . [ 3] 

The  effect  of  the  charge-transfer 
transitions  on  the  non-radiat ive  decay  of  the 
europium  phosphors  is  a  function  of  the  energy 
at  which  these  transitions  occur.  The 
contribution  to  the  charge- t rans fer  energy 
from  the  host  depends  mainly  upon  the 
polarizability  of  the  neighboring  anions.  The 
energy  of  the  charge-transfer  transitions  in 
materials  such  as  fluoride  crystals  is  deep  in 
the  UV  since  the  polarizability  of  the 
fluorine  ions  is  relatively  small.  However, 
the  low  melting  points  of  most  fluoride 
crystals  makes  them  unsuited  for  most  high- 
temperature  applications.  Oxide  materials 
typically  have  much  higher  melting  points,  but 
the  higher  degree  of  polarizability  of  the 
oxygen  neighbors  moves  the  charge  transfer 
transitions  to  lower  energy.  In  the  extreme 


case  of  materials  such  as  La202S,  the 
additional  charge-transfer  transitions  from 
the  highly  polarizable  sulf*»r’  ions  reduces  the 
charge-transfer  bands  to  32,000  cm-1.  The 

interaction  with  the  charge  transfer  states  in 
La202S  is  such  that  the  quenching  temperature 
of  luminescence  is  only  slightly  above  room 
temperature . 

The  two  major  criterion  in  choosing 
europium  phosphors  for  high  temperature  sensor 
applications  are  that  the  host  material  must 
be  stable  at  high  temperatures  and  that  the 
europium  charge-transfer  band  should  lie  as 
deep  in  the  UV  as  possible.  One  particular 
europium  phosphor  which  meets  these  criterion 
is  Eu:Y203-  The  charge-transfer  band  in  this 
material  is  near  37,000  cm"1.  The 

fluorescence  lifetime  of  the  europium 
transition  is  constant  until  500  °C  and  then 
begins  to  decrease  with  increasing 
temperature,  as  illustrated  in  Fig.  1.  Our 
recent  investigations  of  europium  in  rare- 
earth  orthophosphate  crystals  show  that  these 
materials  are  superior  to  Y2O3  in  their  high 
temperature  characteristics.  For  example,  the 
fluorescence  lifetime  of  Eu:YP04  is  constant 
to  approximately  650  °C  before  the  onset  of 
non-radiat ive  quenching.  The  energy  of  the 
europium  charge-transfer  band  in  YPO4  is  at 
43,000  cm'1.  Although  the  nearest  neighbor 

anion  for  Y2O3  and  YPO4  is  an  oxygen  ion,  we 
believe  that  the  presence  of  the  PO4  radicals 
in  the  crystal  structure  tend  to  reduce  the 
polarizability  of  the  oxygen  ions  at  the 
europium  situs,  and  pushes  the  charge-transfer 
band  to  higher  energy.  Substitution  of 
different  cations  for  yttrium  also  has  an 
effect  on  the  energy  of  the  europium  charge- 
transfer  transition.  Blasse  has  shown  that 
the  substitution  of  the  fluorescing  ion  for  a 
cation  with  a  smaller  ionic  radius  increases 
the  quenching  temperature  of  luminescence .[ 4 ] 
Crystals  of  EurLuPO^  have  the  highest 
quenching  temperatures  of  any  europium 
phosphors  that  we  have  measured.  The  charge- 
transfer  energy  of  europium  in  this  host  is 
45,000  cm"1.  Europium  substituting  for  the 

larger  lanthanum  ion  in  LaPC>4  reduces  the 
quenching  temperature  to  that  of  Y2O3 . 

In  summary,  we  have  demonstrated  that  the 
incorporation  of  europium  ions  in  rare-earth 
orthophosphate  crystals  increases  the  quench¬ 
ing  temperature  of  europium  fluorescence  due 
to  the  high  energies  of  the  charge-transfer 
bands.  These  materials  should  extend  the 
temperature  range  of  rare  earth  phosphor 
sensors  above  1500  K. 

1.  B.W.  Noel  et .  al .  Proc.  of  the  AIAA  2?rd 
Joint  Propulsion  Conference,  AIAA-87--1761 , 
San  Diego,  CA,  1987. 

2.  K.T.V.  Grattan,  J.D.  Manwell,  S.M.L.  Sim, 
and  C . A .  Wilson,  CLEO  Technical  Diqest 
14,  307  (1987) . 

3.  C.W.  Struck  and  W.H.  Fonger,  J . Lumin . 1, 4 56 
(1969)  . 

4.  G.  Blasse,  in  Handbook  of  Physics  and 
Chemistry  of  Rare  Earths,  ed.  by 
K.A.  Gschneidner  Jr.,  and  L.  Eyring, 

(North  Holland  1979),  pp.  237-274. 
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A  fiber  ring  resonator  is  a  single  mode,  optical  fiber 
loop  into  and  out  of  which  light  can  be  coupled  [1].  This 
structure  behaves  as  an  interferometer  in  that  the  intensity 
of  light  out  varies  cyclically  with  the  length  of  the  loop 
where  the  period  is  the  wavelength  of  the  light.  Such  a 
structure  can  be  made  into  a  sensor  if  the  quantity  to  be 
sensed  can  be  made  to  modify  the  length  of  the  fiber  loop. 
This  can  be  done  by  heating  the  fiber  or  straining  it.  Heat 
transfer  to  the  fiber  core  is  a  relatively  slow  process,  so  we 
will  consider  strain  effects. 

To  measure  energy  impulses  the  fiber  must  have  a 
suitable  coating  so  that  the  energy  heats  the  coating  and 
thus  produces  thermal  strains  which  will  propagate  to  the 
fiber  core.  To  test  this  concept  the  system  shown  in  figure 
1  was  assembled  to  measure  the  energy  in  current  pulses. 
Other  forms  of  energy  would  require  other  coatings.  A 
current  pulse  in  the  5-10  microsecond  range  is  sent  to  the 
thin  CuNi  tube  and  heats  the  tube.  The  tube  will  expand 
and  the  strains  will  be  applied  to  the  fiber  since  the  fiber  is 
bonded  to  the  ends  of  the  tube.  As  the  fiber  is  stretched  a 
string  of  optical  pulses  is  observed  at  the  output  with  the 
number  of  pulses  proportional  to  the  energy  in  the  pulse. 

Two  factors  are  important  in  the  performance  of  such 
a  sensor:  sensitivity  and  speed.  The  sensitivity  is 
determined  by  the  size  of  the  strain  at  the  fiber  core  for  a 
given  energy  input.  The  speed  of  such  a  device  is 
determined  by  the  time  it  takes  for  the  thermally 
generated  strain  to  be  applied  to  the  fiber.  Since  this  time 
is  approximately: 

t=L/v  (1) 

where  L  is  the  relevant  sensor  dimension  and  v  the 
velocity  of  sound,  the  response  of  the  sensor  to  radial 

strains  will  be  orders  of  magnitude  faster  than  the 
response  to  axial  strains.  For  the  particular  experiment 
performed  here  the  sensor  will  only  respond  to  axial 
strains  since  the  fiber  is  only  bonded  to  tne  ends  of  the 
tube.  Since  the  tube  is  8cm.  long  the  intrinsic  response 
time  of  this  sensor  is  about  20  microseconds.  For  energy 
impulses  much  longer  than  this  the  sensor  can  follow  the 
energy  input  accurately  with  the  frequency  of  the  output 
optical  pulses  representing  the  power  at  any  point  in  time 
and  the  total  number  of  optical  pulses  representing  the 
total  energy  content  of  the  impulse.  For  electrical 
impulses  much  shorter  than  this  intrinsic  response  time, 
the  sensing  element  cannot  follow  the  energy  input  and 
the  thermal  strains  generated  in  the  tube  will  only  become 
apparent  at  a  later  time.  The  tube  acts  as  if  it  were 
compressed  and  then  suddenly  released.  TTiis  sets  up 
mechanical  oscillatin'  .  in  the  tube  which  are  transmitted 
to  the  fiber.  The  freouency  of  these  oscillations  depends 
on  both  the  dimension  of  the  tube  and  the  effective  mass 
loading  on  the  ends.  The  amplitude  of  the  oscillations  is 
proportional  to  the  total  energy  in  the  electrical  impulse 
as  is  shown  in  Figure  2  for  two  different  impulse  lengths. 
This  linear  relationship  means  that  this  sensor  can  be  used 
to  measure  the  energy  content  of  impulses  much  shorter 
than  the  intrinsic  response  time  oi  the  sensor. 
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The  development  of  chemical  sensors  based  on  the  use  of 
optical  fibres  are  being  pursued  all  over  the  world  with  great 
interest  because  of  the  several  advantages  these  sensors  can 
offer.  The  most  important  of  these  being  safety,  ruggedness 
and  remote  measurement  capabilities  by  these  sensors  (1). 
Though  a  few  disadvantages  that  exist  may  be  overcome  with 
appropriate  modification,  the  limited  dynamic  range  with 
these  devices  could  restrict  their  use  in  certain  applications. 
These  sensors  feature  a  chromogenic  or  fluorogenic  reagent 
immobilised  on  a  suitable  solid  support,  and  interface  to  an 
optical  fibre.  The  reagent  phase  acts  as  a  chemical 
transducer,  converting  the  chemical  information  from  the 
analyte  into  optical  signals  which  are  conveyed  through  the 
optical  fibre. 

The  preparation  of  reagent  systems  involves  the 
immobilisation  of  the  chemical  system  on  an  inert  and  stable 
solid  support  such  as  glass,  silica  gel,  cellulose  and  other 
polymeric  solids.  Immobilisation  could  be  carried  out  either 
through  physical  or  chemical  procedures  (Figure  I).  The 
physical  methods  of  immobilisation  include  gel  entrapment, 
adsorption  and  electrostatic  attraction,  and  these  methods 
require  simple  and  economical  procedures.  Chemical 
immobilisation,  on  the  other  hand,  is  based  on  the  formation 
of  a  covalent  bond  between  the  reagent  molecule  and  an 
activated  or  functionalised  form  of  the  polymeric  solid 
support.  This  method  is  the  most  irreversible  of  the 
immobilisation  techniques,  but  requires  several  steps  in  its 
synthesis. 

In  our  laboratories,  we  have  studied  extensively  the 
immobilisation  methods  using  adsorption  techniques,  and  have 
observed  changes  in  the  properties  of  the  reagent.  Adsorption 
on  a  hydrophobic  polymer,  XAD-2  (a  polystyrene-divinyl- 
benzene  copolymer)  alters  the  equilibrium  properties  of  acid- 
base  (2)  and  redox  (3)  indicators.  Other  workers  have  noted 
modification  of  spectral  and  temporal  characteristics  of  the 
luminescence  of  fluorophores  (4)  and  enhancement  of 
selectivity  of  chelating  agents  (5).  Our  study  involves  the 
development  of  reagent  matrices  for  use  in  optical  fibre 
chemical  sensors  for  measurement  of  pH,  sulphide  ion,  etc. 

A  systematic  investigation  was  carried  out  to  study  the 
effect  of  immobilisation  on  the  acid-base  and  oxidation- 
reduction  equilibria  of  some  indicators  adsorbed  on  XAD-2. 

Acid-base  and  redox  equilibria  are  commonly  studied 
through  spectrophotometry,  potentiometry  and  conductom¬ 
etry.  These  methods  are  not  applicable  to  the 
immobilised  reagent  systems  involved  in  our  study  because 
of  the  heterogeneous  nature  of  the  reagent  phase.  Instead, 
these  reagent  systems  have  been  investigated  through  a 
reflectometric  method,  which  is  analogous  to 
spectrophotometry.  The  dissociation  constants  and 
reduction  potentials  of  immobilised  indicators  are  reported 
ih  this  paper  using  reflectance  techniques.  The  results  have 
indicated  that  adsorption  of  the  indicator  on  a  non-polar 
surface  causes  a  decrease  in  the  extent  of  dissociation  of 
the  solute  and  a  lowering  of  reduction  potentials.  The 
"solid-solvent"  model  for  adsorption  on  XAD-2  polymer  has 
been  used  to  explain  the  observations  and  can  be  accounted 
for  by  the  existence  of  the  following  equilibria: 

(a)  Acid-base  system: 

HIn  (ads)  H+fads)  +  In'fads) 

Jf  Jf 

HIn  (sol)  In"  (sol) 


(b)  Redox  system: 

Ox(ads)  *  Red  (ads)  +  ne" 

w  jr 

Ox  (sol)  Red  (sol)  +  ne" 

where  HIn  is  an  acid-base  indicator,  Ox  and  Red  are  the 
oxidised  and  reduced  form  of  an  indicator,  and  the 
subscripts  ads  and  sol  refer  to  the  adsorbed  and  solution 
phases  respectively. 
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Figure  1  Diagrammatic  representation  of  the  different 
methods  of  immobilisation  of  a  reagent,  R,  on 
a  solid  support: 

(A)  gel  entrapment;  (B)  adsorption; 

(C)  electrostatic  attraction;  (D)  covalent 
bonding.  (From  reference  1). 
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INTRODUCTION 

‘'Universal"  chemical  sensors  are  needed  for  the  detec¬ 
tion  and  monitoring  of  toxic  substances  In  the  envi¬ 
ronment.  Ideally,  such  a  sensor  would  produce  Infor¬ 
mation  in  real  time  about  their  presence  In  low  levels 
and  their  chemical  structures.  Our  approach  to  this 
problem  has  been  to  sample  dilute  chemical  species  by 
adsorption  onto  surfaces  and  then  to  Identify  the 
adsorbates  by  Surface  Enhanced  Raman  Spectroscopy 
(SERS)  HI.  The  combination  of  pre-concentration  of 
dilute  species  due  to  specific  adsorption,  and  up  to 
106  signal  enhancement  of  SERS  over  normal  Raman 
spectroscopy,  should  enable  detection  well  below  the 
parts  per  billion  level.  Raman  techniques  utilize 
visible  light  to  obtain  structurally  unique  vibra¬ 
tional  spectra.  Thus,  measurements  can  be  made  in 
media  such  as  water  with  high  Infrared  absorption.  In 
principle,  laser  Raman  excitation  and  scattering  sig¬ 
nals  can  be  transported  through  optical  fibers  for 
sampling  remote  or  hazardous  environments. 

In  this  paper,  we  present  results  on  configuring  and 
optical  fiber  delivery  and  collection  system  for  con¬ 
ducting  remote  SERS. 


EXPERIMENTAL 

All  results  were  obtained  using  a  Raman  instrument 
Incorporating  a  Spex  Industries  Triplemate  spectro¬ 
graph  and  an  EG&G  Optical  Multichannel  Analyzer  for 
detection.  The  excitation  source  was  a  Coherent  Model 
70-4  Ar  ion  laser  which  also  was  used  to  pump  a  Coher¬ 
ent  599-01  dye  laser.  Unless  otherwise  Indicated,  an 
excitation  wavelength  of  575  nm  was  selected  using  the 
dye  laser,  and  the  Intensity  leaving  the  exciting 
fiber  was  100  mW. 

The  fiber  optic  probe  was  constructed  based  on  a  theo¬ 
retical  study  by  Plaza  and  co-workers  (21,  which 
addressed  normal  Raman  spectroscopy.  It  consisted  of 
a  central  100  pm  excitation  fiber  surrounded  by  four 
600  imi  collection  fibers.  The  four  outer  fibers  were 
sealed  in  opaque  epoxy  around  a  capillary  tube  which 
accepted  the  excitation  fiber  and  allowed  Its  vertical 
positioning.  Two  different  exciting  fibers  were  pre¬ 
pared,  one  polished  flat  and  another  with  a  lens 
fabricated  at  the  tip  by  laser  melting  (3).  In  addi¬ 
tion,  three  different  collection  geometries  were  con¬ 
sidered:  fibers  parallel,  fibers  beveled  Inwards  at 
11°,  and  the  beveled  angles  polished  flat. 

Electrochemical  Instrumentation  and  roughening  of  Ag 
electrodes  for  SERS  has  been  described  elsewhere  11). 
Electrolytes  were  0.1M  KC1. 


RESULTS 

Several  factors  complicate  the  measurement  of  SERS 
using  optical  fibers.  First  Is  a  background  fluores¬ 
cence  obtained  from  polymeric  fiber  claddings.  Second 
Is  an  Intrinsic  Raman  scattering  arising  from  the 
exciting  fiber  which  Is  reflected  back  Into  the  col¬ 
lection  fibers  from  the  SERS  substrate.  In  addition, 
an  unstructured  background  signal  Is  always  present  In 
SERS.  The  placement  of  the  exciting  and  collection 


fibers  can  alter  the  magnitude  of  the  background  sig¬ 
nal,  since  it  relates  to  the  intensity  of  the  exciting 
source  back  reflected  into  the  collection  optics, 
relative  to  the  spectrum  Intensity,  which  Is  Isotropi¬ 
cally  scattered  from  the  SERS-actlve  surface. 

SERS  spectra  of  0.025M  pyridine  on  Ag  are  shown  in 
Figure  1,  comparing  six  different  probe  variations. 
One  probe,  which  is  not  represented  In  Figure  1,  was 
constructed  with  plastic  clad  collection  fibers,  and  a 
broad  background  signal  was  seen  which  washed  out  the 
spectral  details.  The  fluorescence  was  corrected  by 
employing  silica  cladding,  which  was  employed  in  all 
later  experiments.  In  all  the  spectra,  the  silica 
Raman  spectrum,  shown  in  Figure  2,  is  superimposed  on 
the  background  with  a  major  peak  at  450-500  cm1.  The 
Intensities  of  the  main  pyridine  peak  at  1000  cm1  of 
the  silica  Raman  peak  and  of  the  general  background 
level  are  indicated  in  Figure  1. 

The  most  significant  increase  In  the  SERS  signal 
intensity  was  realized  by  adjusting  the  collection 
fiber  acceptance  angle.  Depending  on  the  other  vari¬ 
ables,  this  gives  up  to  a  15-fold  Increase  in  the  SERS 
signal  level  compared  to  a  parallel  orientation  of 
delivery  and  collection  fibers.  Similar  results  were 
obtained  with  the  11°  collection  fibers  concave  or 
polished  flat.  At  the  same  time,  enhancing  the  col¬ 
lection  In  this  way  Increased  the  overall  background 
level  by  a  factor  of  2-4  and  the  silica  Raman  scatter¬ 
ing  level  by  a  factor  of  5-10.  With  the  present  probe 
configuration,  a  distance  of  approximately  2.5  mm  bet¬ 
ween  the  substrate  and  the  collection  fibers  was  opti¬ 
mal  when  all  the  other  variables  were  held  constant. 

Enhancement  of  the  overall  signal  level  or  ratio  of 
signal  to  background  In  some  cases  could  be  accom¬ 
plished  by  employing  a  lens-ended  exciting  fiber 
and/or  by  placing  it  close  to  the  substrate.  The  lev¬ 
els  of  background  scattering  and  silica  Raman  peaks 
were  evaluated  using  a  Ag  mirror  In  place  of  the  elec- 
trochemically  roughened  SERS-active  substrate.  Plac¬ 
ing  the  collection  fiber  nearly  touching  the  substrate 
decreased  the  background  by  up  to  a  factor  of  5,  as 
did  decreasing  the  illuminated  area  by  focusing  the 
exciting  light.  In  the  SERS  experiments,  the  ratio  or 
pyridine  peak  Intensity  to  the  silica  Raman  Intensity 
was  also  greater  In  these  cases.  For  this  reason, 
fiber  probes  corresponding  to  the  SERS  spectra  In  Fig¬ 
ures  ID  and  E  might  be  favored  over  the  probe  corre¬ 
sponding  to  Figure  IF,  even  though  the  intensity  of 
the  pyridine  spectrum  in  the  latter  Is  stronger. 

Further  optimization  of  the  SERS  probe  design  Is  In 
progress. 
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Fig.  1.  Surface  enhanced  Raman  spectra  of  0.025M  pyridine/O. 1M 
KC1  on  electrochemically  roughened  Ag,  showing  effect  of  different 
fiber  optic  delivery  and  collection  geometries.  All  spectra  were 
recorded  at  -0.6V  vs.  SCE,  X  =  575  nm,  laser  power  =  100  mW. 


Fig.  2.  Raman  spectrum  of  100  pm  silica  excitation  fiber  using 
SERS  probe  array  and  a  reflective  Ag  surface  2.5  mm  from  the 
probes . 
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CHEMISORPTION- INDUCED  REFLECTIVITY  CHANGES 
IN  THIN  METAL  FILMS 

A.  J.  Ricco  and  M.  A.  Butler 
Sandia  National  Laboratories,  Albuquerque,  NM 

Optical  fiber-based  chemical  sensors  have  a 
number  of  advantages  over  other  chemical  detection 
means.  Including  immunity  to  electrical  interference, 
safety  in  electrically  sensitive  environments, 
chemical  inertness,  small  size,  and  simplicity.  We 
have  examined  the  metallized  end  of  a  multimode 
optical  fiber  as  a  new  type  of  chemical  sensor  and  as 
a  means  for  probing  the  interaction  between 
chemisorbed  molecules  and  thin  metal  films.  The 
interactions  of  Ag  and  Ni  thin  films  with  H2S,  S02 , 
02 ,  CO,  and  Hj  have  been  examined. 

The  sensor,  shown  schematically  in  Figure  1,  has 
an  active  surface  area  of  only  0.002  mra?  (the  fiber 
has  a  50  pm  core  and  125  pm  total  diameter) .  A  metal 
film  20  -  250  A  thick  is  thermally  evaporated  onto  the 
freshly  cleaved  fiber  end,  with  film  thickness 
monitored  using  a  conventional  quartz  crystal 
microbalance  (QCM).  The  reflectivity  of  the  film  is 
monitored  In  situ  in  the  high  vacuum  system  before, 
during,  and  after  thin  film  evaporation,  and  during 
the  admission  of  test  gases  to  the  system;  the  freshly 
metallized  fiber  is  not  exposed  to  air  prior  to  gas 
exposure.  Metal  film  reflectivity  is  measured  using 
an  860  nm  LED  modulated  at  10  kHz,  with  the  reflected 
signal  and  the  source  synchronously  detected  to 
correct  for  fluctuations  in  light  intensity. 

Chemisorption  changes  the  reflectivity  of  a  metal 
surface  [ 1 J .  For  optically  thin  metal  films,  the 
chemisorption  process  can  change  the  effective  optical 
thickness  of  the  film,  and  therefore  its  reflectivity, 
by  a  relatively  large  fraction.  Typical  results  of  an 
experiment  are  shown  in  Figure  2  for  a  100  A  thick 
silver  film  exposed  to  100  ppm  of  H2S  in  N2  at  1 
atmosphere.  This  concentration  represents  65,000 
Langmuirs  of  exposure  per  second  and  thus  the 
magnitudes  of  the  measured  shifts  are  not  dependent  on 
the  time  of  exposure  to  the  gas.  A  step  reduction  in 
the  reflectivity  of  about  1%  occurs  in  a  few  seconds 
(the  time  required  to  fill  the  bell  jar)  upon  exposure 
of  the  silvered  fiber  end.  Over  a  much  longer  time 
period,  there  is  a  slow  decrease  of  the  reflectivity 
to  or  below  the  level  observed  for  the  bare  fiber.  We 
attribute  the  initial  step  to  chemisorption- induced 
changes  in  the  reflectivity  of  the  thin  film,  and  the 
much  slower  drop  in  reflectivity  to  a  bulk  chemical 
reaction  Eormlng  Ag7S . 

Although  many  molecule/metal  combinations  fail  to 
produce  a  bulk  reaction  at  25  C,  the  initial 
chemisorption  step  is  common  to  all  the  adsorbates  we 
examined  and  is  more  likely  to  be  reversible;  it  was 
therefore  chosen  for  detailed  study.  Exposure  of 
freshly  evapuiated,  100  A  thick  Ag  films  resulted  in 
Initial  step  changes  in  reflectivity  for  H2S,  CO,  02 , 
S02.  and  H2  of  -0.7 t,  -0.6*.  -0.5%,  -0.45%,  and  -0.1%, 
respectively.  Measurements  were  also  attempted  on  N02 
and  Cl2,  but  these  molecules  showed  large,  rapid 
changes  due  to  irreversible  bulk  chemical  reactions, 
so  a  clear  step  could  not  be  defined. 

In  general,  the  magnitude  of  the  reflectivity 
change  correlates  with  the  expected  strength  of  the 
metal/adsorbate  interaction,  provided  the  possible 
surface  reactions  are  considered,  For  example,  the 
H2/Ag  interaction  is  known  to  be  much  weaker  than  the 
02/Ag  interaction  (2),  consistent  with  the  observed 
reflectivity  changes  (ARs).  However,  it  is  also  known 
that  the  CO/ Ag  Interaction  is  quite  weak.  We  believe 
02  impurities  In  the  vacuum  system  and  in  the  C0/N2 
gas  mixture  result  in  the  formation  of  surface 
carbonate,  C03  [2],  with  a  resulting  strong 
interaction  and  large  AR.  In  the  case  of  S02 .  07 


impurities  are  similarly  expected  to  lead  to  the 
formation  of  surface  SO,  [3]  rather  than  simple 
chemisorption  of  molecular  SO, .  The  decrease  in 
reflectivity  upon  chemisorption  of  H2S,  which  is  also 
anomalously  large,  can  be  explained  by  the  known 
reaction  of  H,S  with  Ag  to  form  Ag,S  [*]■ 
irreversible  nature  of  this  reaction  explains  the 
decrease  in  reflectivity  to  nearly  zero  (see  Figure  2) 
after  about  50  hours. 

We  can  better  understand  the  phenomenological, 
effect  of  chemisorption  on  metal  optical  properties  by 
measuring  the  size  of  the  reflectivity  step  for  a 
given  adsorbate,  as  a  function  of  metal  film 
thickness  For  this  experiment,  the  interaction  of 
oxygen  with  nickel  is  ideal  because  the  reaction  is 
uncomplicated  by  oxygen  impurities  and  it  is 

irreversible  (the  enthalpy  of  chemisorption  exceeds 
keal/mol  |5]).  First,  the  solid  line  in  Figure 
which  represents  the  derivative  of  reflectivity  versus 
thickness.  dR/dt,  was  calculated  from  reflectivity  and 
film  thickness  data  obtained  simultaneously  during  the 
evaporation  of  a  nickel  film  in  the  absence  of  oxygen 
Next,  a  series  of  nickel  films  of  various  thicknesses 
were  evaporated  on  freshly  cleaved  fiber  ends,  and 
each  film  was  then  exposed  to  204  oxygen  in  nitrogen. 
The  data  points  in  Figure  3  are  the  reflectivity 
decreases  in  percent,  upon  exposure  of  each  of  the 
nickel  films  to  oxygen,  divided  by  a  constant  (dt  -- 
5.3  A).  The  agreement  of  the  AR/At  data  with  the 
measured  dR/dt  curve  shows  that  the  reflect  ivi  tv- 
change  can  be  represented  by 


70 

3. 


dR. 


with  a  At  of  -5.3  A  independent  of  the  overall  nickel 
film  thickness.  Thus,  the  interaction  of  oxygen  with 
nickel  reduces  its  effective  optical  thickness  by  5.J 

A 

Chemisorption- induced  ret iectivi ty  change  is  a 
rapid  surface  process  and,  with  a  range  of  metals  and 
alloys  available,  offers  the  potential  for  varying 
selectivity  and  reversibility.  As  in  many  chemical 
sensing  problems,  the  lack  of  a  single,  highly 
selective  sensing  material  for  each  species  of 
interest  may  be  compensated  by  the  use  of  sensor 
arrays,  in  this  case  with  a  range  of  metal  films, 
having  varying  sensitivity  and  selectivity  for  many 
species.  In  addition  to  its  potential  application  for 
chemical  sensing,  this  technique  provides  a  new  tool 
for  the  study  of  chemisorption  processes  on  metal 
surfaces.  In  particular,  it  could  prove  useful  in 
situations  with  large  gas  overpressures  where 
ultrahigh  vacuum  techniques  are  inapplicable 

The  authors  are  indebted  to  K.  B.  Pfeifer  for  his 
excellent  technical  assistance.  This  work  was 
performed  at  Sandia  National  Laboratories  and 
supported  by  the  U.  S.  Department  of  Energy  under 
contract  DE- AC04 - 76DP000789 . 
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PERCENT  REFLECTIVITY 


Figure  I.  Apparatus  used  to  measure  the  reflectivity 
of  chin  metal  films. 
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Figure  2.  Reflectivity  of  the  end  of  an  optical  fiber 
with  a  100  A  silver  coatLng  on  the  end.  The  arrow 
Lndlcates  the  time  at  which  the  fiber  was  exposed  to 
100  ppm  of  H7S  in  a  N7  carrier  gas  at  1  atmosphere . 


Figure  3.  The  solid  line  is  the  derivative  of  the 
reflectivity  versus  thickness  curve  dR/dt .  as 
measured  during  nickel  evaporation .  The  data  points 
are  the  reflectivity  decrease.  bR,  divided  by  a 
constant  At  -  -5.3  A,  for  nickel  films  of  various 
thicknesses  when  exposed  to  20%  07  in  Na  at  1 

atmosphere . 
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Optical  Waveguide  Sensors:  Surface  Fluorescence 
Kxc i tat  ion 

.1.  T.  Ives,  !>.  A.  Christensen  and  W.  M.  Reichert* 
Dept,  of  Bioengineering,  University  of  Utah 
Salt  Lake  City,  UT  84 1 117 

*I)ept.  of  Biomedical  Kngineering,  Duke  University 
Durham,  NC  .77  7  06 

Introduction 

Surface  fluorescence  sensing  is  an  important  feature 
of  fluoroimmunoassay*.  protein  adsorption  studies2,  and 
fiber  optic  chemical  sensors.3  A  fluorosensing  method 
using  integrated  optic  (10)  waveguides  has  several 
potential  advantages  compared  to  single  reflection 
techniques  and  optical  fibers.  10  waveguides  have  an 
exponentially  decaying  "evanescent"  excitation  field 
penetrating  approximately  1500A  into  the  neighboring 
medium  (Fig.  1).  Polarization  is  preserved  during 
propagation,  and  specific  waveguide  modes  with  unique 
evanescent  fields  can  be  selected.  Waveguides  are 
relatively  easily  fabricated  from  a  wide  range  of  transparent 
materials.  The  planar  geometry  and  fabrication  methods 
are  consistent  with  multichannel  sensing  and  waveguide 
devices  such  as  gratings  and  nonlinear  or  electro-optic 
structures.  Surface  sensitivity  can  also  be  improved  with 
evanescently-coupled  fluorescence. 

The  propagating  light  intensity  within  IO  waveguides 
decreases  due  to  light  scatter  and  absorption,  and  the 
scattered  light  excites  bulk  fluorescence  in  the  neighboring 
medium4.  Differentiating  fluorescence  excited  by  scattered 
light  from  that  excited  evanescently  is  essential  for  surface 
fluorosensing.  This  report  describes  characterization  of  the 
evanescent  and  scatter  excilation  fields  of  polymer  10 
waveguides.  Characterization  involves  decay  measure¬ 
ments,  calculated  intensity  profiles.  LangmuirBlodgelt  thin 
films  and  fluorescein  dye  solutions.  Evanescently-coupled 
fluorescence  is  discussed  as  a  method  to  enhance  surface 
sensitivity.  Tl.u  .esults  indicate  that  10  waveguides  are  a 
potentially  useful  sensing  method,  but  light  scatter  must  be 
reduced  in  future  fluorosensing  applications. 

Method? 

The  following  experimental  details  will  be  brief  (see 
Ives  and  Reichert  (1988)5)  Poly(styrene)  waveguides,  1* 
2pm  thick,  were  spun  cast  on  quartz  microscope  slides,  and 
an  incident  laser  beam  at  488nm  was  prism-coupled  into 
the  waveguides  The  waveguides  were  mounted  on  a  goni¬ 
ometer  for  precise  angular  mode  coupling,  and  t he 
refractive  index  and  thickness  of  the  waveguide  were 
determined  from  the  mode  angles.6  For  decay 
measurements  and  light  collection,  a  200pm  diameter 
quartz  optical  liber  was  aligned  perpendicular  to  the 
waveguide  surface  adjacent  to  the  quartz  substrate  (front 
surface  collection)  The  same  optical  fiber  was  positioned 
at  the  waveguide  end  for  detecting  evanescently-coupled 
fluorescence  "the  fiber  was  then  directed  to  a  spectrometer 
for  photon  counting. 

Waveguide  decay  was  measured  by  recording  the 
intensity  of  the  1002  cm  '  poly(styrene)  Raman  peak  at 
several  positions  along  the  waveguide  streak.6  The  decay 
rates  of  all  waveguides  were  measured  prior  to  Langmuir- 
Blodgetl  (1  B)  d'ppmg  or  fluorescein  dye  experiments. 

Langmuir-Blodgett  thin  films  of  arachidic  acid 
(Kodak)  and  cyanine  dye  (fcem  =  509nm.  Kodak)  (molecular 
ratio  =  1  dye/200  arachidic  acid)  were  deposited  on  ttie 
surface  of  poly(styrene)  waveguides.  Two  molecular  layers 
( -  54  A)  were  deposited.  Fluorescence  emission  was 
monitored  as  a  function  of  waveguide  mode  and 
polarization,  and  the  488nm  signal  was  used  for 
normalization 

Bulk  fluorescence  was  investigated  by  injecting 
fluorescein  dye  into  a  flow  cell  on  the  waveguides4,  and 
collecting  the  fluorescence  emission  at  a  position  about 
2 5mm  from  ttie  in  coupling  prism.  Only  the  lowest  order  IE 
mode  was  used  due  to  losses  at  the  gasket-waveguide 
interface  which  increased  with  higher  order  modes. 
Fluorescence  signals  were  normalized  by  the  488nm 
signal 


Results 

Fig.  2  plots  the  normalized  fluorescence  signal  vs. 
mode  number  for  waveguides  coated  with  LB  dye  films. 
The  fluorescence  increase  with  mode  number  is  expected 
due  to  both  the  higher  interfacial  intensity  and  greater 
scatter  losses  of  higher  order  modes.  A  model  was 
developed  to  calculate  the  evanescent  and  scatter 
excitation  components.  This  model  considers  the 
measured  decay  rates  and  calculated  evanescent 
intensities  of  two  waveguide  modes,  and  then  weights  the 
scatter  and  evanescent  terms  to  account  for  the 
experimentally  measured  difference  in  fluorescence  of  the 
two  modes.  In  Tig.  2.  the  normalized  fluorescence  value  is 
about  f  (front  surface  collection).  Based  on  the 
evanescent/scatter  model,  the  calculated  evanescent 
components  are  approximately  -0.1  vs.  approximately  +11 
for  the  scatter  components.  The  scatter  component  appears 
to  dominate  the  fluorescence,  although  the  negative  sign  of 
the  evanescent  component  is  surprising.  The  model  used 
in  the  calculations  does  not  account  for  the  mode 
dependence  ol  the  Rayleigh  normalization  signal,  and  this 
could  reduce  the  evanescent  component  from  a  small 
positive  signal  to  a  small  negative  term. 

The  normalized  fluorescence  signal  for  evanescent- 
coupling  (Fig.  2)  is  significantly  lower  than  the  front  surface 
collected  signal  due  to  two  factors:  1)  the  direct,  rather  than 
scattered,  collection  of  the  488nm  laser  beam,  and  2)  the 
low  efficiency  of  fluorescence  evanescently  coupling  into 
bound  waveguide  modes. 

Ttie  fluorescein  dye  results  in  Fig.  3  can  be 
separated  into  evanescent  and  scatter  excitation 
components  due  to  saturation  of  the  scalier  component. 4-~ 
For  a  solution  rc  =  0  1cm*1.  the  evanescenbscalter 
excitation  ratio  -  0.06. 

T he  data  shown  in  Fig  3  were  normalized  by  ttie 
Rayleigh  scattered  488nm  signal.  This  signal  decreased 
exponentially  with  increasing  dye  concentration  consistent 
with  absorptive  cladding  models  of  guided  wave  media  6 

G_Q.nc!.u.?.i.Qn.s 

IO  waveguide  detection  of  fluors  on  the  surface  and 
in  solution  is  feasible,  even  with  the  low  laser  powers 
(50pW)  used  for  excitation.  The  use  of  tow  power  sources 
may  be  helpful  in  small  sensor  design  The  planar 
waveguide  geometry  and  mode  selection  allows 
polarization  studies  and  relatively  simple  analysis  and 
modeling.  However,  the  scatter-excited  signal  is  too  largo 
lor  reliable  surface  detection  and  waveguide  fabrication 
improvements  ate  necessary  to  decrease  the  waveguide 
scattering  coefficent.  The  attractiveness  of  evanescent- 
coupling  tor  surface  sensitivity  is  reduced  by  the  small 
fraction  of  exciied  signal  which  couples  and  propagator  ns 
a  bound  mode  Future  work  should  include  possible 
enhancement  techniques  for  evanescent  coupling,  or 
planar  detector  arrays  with  alternative  evanescent,  scatter 
discrimination  methods. 
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Figure  1 .  Schematic  illustration  of  polymer  integrated  optic 
waveguide.  Integrated  optic  waveguides  have  a  continuous 
evanescent  field  along  the  waveguide  surface.  The 
evanescent  penetration  depth  is  *>1500A,  the  poly(styrenu) 
waveguide  is  1-2pm  thick  and  the  optical  fiber  is  200pm  in 
diameter. 
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Figure  2.  Normalized  fluorescence  vs.  waveguide  mode. 
The  poly(styrene)  waveguide  was  coated  with  two 
langmuir-Blodgett  layers  of  cyanine  dye  in  arachidic  acid 
(1/200  molecular  ratio).  Normalized  fluorescence 
(509nm/488nm)  was  determined  for  a)  front  surface 
collection  (open  squares)  and  b)  near  field  back-coupling 
with  terminal  end  collection  from  the  waveguide  (solid 
squares).  Waveguide  modes  were  selected  by  adjusting 
the  coupling  angle. 


Fluorescein  dye  solutions 


Figure  3.  Fluorescein  bye  solutions.  Fluorescein  dye 
solutions  of  varying  concentration  (  es  extinction  coefficient, 
c  =  concentration)  were  injected  into  the  flow  cell  The 
normalized  fluorescence  (512nm/488nm)  was  detected 
with  front  surface  collection  (Fig.  1 ). 
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AN  INVESTIGATION  OF  POLYMERIC  FILM/SOLUTE 
VAPOR  SOLUBILITY  PARAMETERS  USING  AN 
OPTICAL  WAVEGUIDE  INTERFACIAL 
PROBE  METHOD 


J.  F.  Giuliani 
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Washington,  D.C.  20375-5000 


A  simple  and  rapid  optical  method  is  reported  for 
the  determination  of  solubility  parameters  S  of  solid 
polymer  films  using  an  optical  waveguide  (OWG)  device 
which  probes  changes  in  the  optical  properties  of  the  film 
at  the  film/glass  interface.  This  simple  method  relies  on 
the  approximate  Hildebrand  equation:  AH»  AE  -  $  |  4>  2 
(*1  -  *2)2  (cal/cm’)1/2  where  AE  is  the  change  in 
internal  energy  in  a  solution  process,  $  j ,  4>  2*  and  6|,  52 
are  the  volume  fractions,  and  solubility  parameters  of  the 
solvent  and  polymer  respectively.  The  above  approximate 
relationship  is  used  to  determine  solubility  parameters  by 
means  of  the  amount  of  swelling  that  the  polymer 
undergoes  when  immersed  in  a  specific  reagent.  A  new 
method  for  determining  the  solubility  parameters  of 
polymeric  films  is  described  in  which  a  decrease  in  optical 
transmission  from  a  film  coated  optical  waveguide  is 
monitored  with  exposure  to  a  wide  range  of  vapors  whose 
solubility  parameters  are  known  beforehand. 

Figures  I  and  2  display  the  plots  of  the  measured 
changes  in  the  optical  transmission  at  660  nm  relative  to 
the  nitrogen  gas  reference  transmission  (i.e.  nearly  100 
percent)  in  a  dual  flow  vapor/gas  system  for  the  polymer 
films,  polyethjlene  maleate  (PEM)  and  polyfluoropolyol 
(PFP)  as  a  function  of  a  wide  range  of  organic  compound 
saturated  vapors  (i.e.  10,000  ppm).  These  two  film 
coatings  were  exposed  separately  to  organic  vapors 
(numbered  in  Figures  I  and  2),  whose  solubility  parameters 
range  between  8.6  (cal/cm^)1/2  tft{j  23.4  (cal/cm*)^2.  AH 
of  the  transmission  measurements  were  performed  at 
approximately  22°C.  The  error  bars  represent  the 
standard  deviation  obtained  from  three  vapor  cycles  per 
coating  and  for  three  separate  film  coatings,  and  exhibit 
good  reproducibility.  The  solubility  parameter  for  the 
PEM  film  was  measured  from  NRL  swelling  data  to  be 
approximately  10.1  ±  0.5  (cal/cm*)1/2,  and  that  for  the 
PFP  film  was  calculated  from  thermodynamic  data  to  be 
about  II. 0  (cal/cm*)*/2.  The  detected  minima  in  the 
optical  waveguide  transmission  for  both  the  PEM  and  PFP 
films  occur  in  the  solubility  parameter  range  between  10.5 
(cal/cm*)1/2,  and  11.5  (cal/cm*)*/2,  and  this  agrees  rather 
well  with  the  measured  and  calculated  values  for  these 
two  polymeric  films  respectively. 


Fig.  1.  Dependence  of  the  measured  optical  transmission  for 
a  PEM  film  coated  optical  waveguide  probe  over  a 
wide  range  of  organic  solvent  solubility  parameters. 
The  solid  curve  represents  a  least  squares  fit  to  the 
data.  The  number  beside  each  point  represents  the 
organic  vapor.  (I)  CCl4;  (2)  CgH^  OK^Hg;  (4) 
C6H6;  (5)  CH  Cl3;  (6)  C3H60,  (7)  C3H9O3P;  (8) 
C4H9NO;  (9)  C3H80;  (10)  C2H60;  (II)  CH4O; 
(12)H20. 
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Fig.  2.  Dependence  of  the  optical  transmission  for  a  PFP  > 
film-coated  waveguioe  probe  over  the  same  range 
of  organic  solvent  solubility  parameters  as  shown 
in  Figure  I.  Again  the  solid  curve  represents  a 
least  square  fit  to  the  data.  The  organic  vapors 
tested;  (1)  CC14;  (2)  CgH,0;  (3)  C7H8;  (4)  C6H6;  (5) 
CH  CI3;  (6)  C3H9O3P;  (7)  C4H9NO;  (8)  C3HgO;  (9) 
C2H60;  (10)  CH4O;  (11)  H20 
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The  harmful  environmental  consequences  of  sulfur 
dioxide  emissions  have  been  well  documented  over  the 
last  several  years^”^.  Sulfur  dioxide  enters  the 
atmosphere  as  a  by-product  of  ore  smelting,  power 
generation  and  internal  combustion  engines.  Sulfur 
dioxide,  together  with  nitrogen  oxides,  are  primary 
sources  of  acid  rain  contributing  to  deterioration 
of  vegetation  in  soils  and  lakes** 2.  In  plants,  the 
presence  of  SO2  has  been  shown  to  inhibit  CO2  fixa¬ 
tion,  block  starch  hydrolysis,  and  cause  a  breakdown 
of  chlorophyll  containing  cells  leading  to  early 
foliage  loss.  Vegetation  damage  via  destruction  of 
localized  leaf  tissue  has  been  reported  at  concentra¬ 
tions  as  low  as  2-3ppm  S02^.  In  people,  both  acute 
and  chronic  toxicity  of  SO2  has  been  reported^*.  Sul¬ 
fur  dioxide  is  also  suspected  to  cause  mutagenic 
effects  as  well  as  lung  tumors  and  several  types  of 
cancer^.  Thus,  there  are  strong  incentives  for 
developing  sensitive,  reversible  sensors  for  both 
on-site  and  field  measurement  of  S02- 

In  recent  years  chemical  gas  sensors  based  upon 
the  use  of  optical  waveguides  have  been  developed, 
and  practical  devices  for  ammonia  detection  in  the 
parts  per  billion,  fabricated^.  These  devices  con¬ 
sisted  of  a  glass  tube  or  rod  coated  with  an  organic 
dye.  Interaction  of  the  gas  to  be  detected  with  the 
coating  gave  rise  to  modification  of  either  the  film 
adsorption  coefficient  or  its  refractive  index.  Such 
changes  were  detected  by  changes  in  the  flux  of 
internally  multiply  reflected  light  within  the  tube. 
The  simplicity  and  ease  of  construction  for  such 
devices  has  encouraged  us  to  develop  an  optical  wave¬ 
guide  chemical  sensor  for  SO2.  In  the  present  work 
we  will  discuss  the  development  of  a  multiple  reflect¬ 
ing  optical  waveguide  device  using  organophosphine- 
transition  metal  complexes  as  the  optically  sensitive 
coating  for  reversible  detection  of  SO2  below  the 
300ppro  range.  Figure  1  shows  a  schematic  of  the 
chemically  sensitive  optical  waveguide  investigated. 
The  device  was  coated  with  the  complex  Cu(PBz3)2SPh, 
which  upon  exposure  to  SO2,  forms  the  adduct 
Cu(PBz3) 2SPh(S02)  via  the  equilibrium 

Cu(PBz3)2SPh  +  S02  t  Cu (PBz3) SPh(S02) 

The  utility  of  this  complex  lies  in  a  color  transfor¬ 
mation  from  white  to  orange  on  going  from  Cu(PBz3)2SPh 
to  Cu(PBz3^ 2SPh(SC>2)  •  The  change  in  adsorbance  of 
the  coating  was  probed  by  a  multiple-reflected  light 
beam  and  detected  by  changes  in  the  light  flux  occur¬ 
ring  at  a  silicon  photodetector.  Figure  2  shows  the 
optical  waveguide  response  towards  lOOOppm,  300ppm 
and  lOOp.im  SO2  at  60°C.  The  response  was  fully 
reversible  and  for  SO2  concentrations  below  3Q0ppm 
a  linear  ccrve  for  the  detector  output  signal  and 
SO2  concentration  could  be  obtained  (Figure  3). 
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Figure  1.  Schematic  diagram  for  guided  wavelength 
optical  SO2  detector. 
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Figure  2.  Optical  waveguide  chemical  sensor  response 
to  SO2,  (a)  lOOOppm,  (b)  300ppm,  (c)  lOOppm 
at  60°C. 
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Figure  3.  Plot  of  SO2  concentration  as  a  function  of 
detector  output  voltage  at  60°C. 
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The  photoluminescence  (PL)  of  etched  or 
cleaved  n-CdSe,  n-CdS,  and  n-CdS:Te  semiconductor 
single  crystals  is  strongly  affected  by  exposure 
to  gaseous  acids  and  bases  that  can  engage  in 
adduct  formation  (1-5).  For  example,  exposure  to 
SO?  or  gaseous  carboxylic  acids  reversibly 
decreases  the  semiconductor  PL  intensity,  while 
exposure  to  gaseous  ethers  or  alcohols  gives  small 
reversible  increases,  and  exposure  to  gaseous  alkyl 
amines  or  pyridines  results  in  large  reversible 
increases  in  PL  intensity,  relative  to  the  intensity 
in  a  N2  ambient.  The  order  of  PL  enhancement 
roughly  follows  amine  basicity:  NF3  <  NH3,  ND3  < 
CH3NH2  <  (CH3)2NH  >  (CH3)3N.  Gases  that  interact 
more  weakly  with  the  semiconductor  surface, 
hydrocarbons  for  example,  do  not  affect  the  PL 
intensity  within  experimental  error. 

A  dead-layer  model  is  used  to  correlate  changes 
in  PL  intensity  with  variations  in  the  depletion 
width:  electron-hole  pairs  formed  within  a  distance 
on  the  order  of  the  depletion  width  are  rapidly  swept 
apart  by  the  electric  field  and  do  not  -  /ntribute 
to  PL  (6).  A  quantitative  form  of  this  model  equates 
the  ratio  of  the  observed  PL  intensities  for  two 
different  gases  with  exp(-ot'  AD),  where  AD  is  the 
corres,  onding  change  in  dead-layer  or  depletion 
width  thickness,  and  o'  *  a  *-  8 ,  where  a  and  8 
are  the  absorpt ivi t ies  for  the  exciting  and  emitted 
light.  ThiB  treatment  assumes  that  the  surface 
recombination  velocity  is  either 

very  large  or  unchanged  with  gaseous  ambient.  The 
operational  test  of  the  dead-layer  model  is  the 
calculation  of  a  constant  AD  value  for  a  variety  of 
interrogating  wavelengths  and  corresponding 
absorptivities.  Using  wavelengths  for  which  a 
varied  over  a  factor  of  three,  AD  for  n-CdSe  with 
the  above  amines  was  constant  to  within  207,. 

The  change  in  depletion  width  inferred  from  these 
spectral  changes  corresponds  to  a  shift  in  the  work 
function  of  the  semiconductor  surface,  moving  the 
work  function  closer  to  the  vacuum  level  for  PL 
intensity  increases,  and  farther  from  the  vacuum 
level  for  PL  intensity  decreases  (7). 

The  PL  intensity  changes  are  linearly  dependent 
on  concentration  over  a  modest  range,  although  at 
higher  concentrations  the  response  saturates.  The 
PL  intensity  changes  upon  exposure  to  a  series  of 
gaseous  concentrations  have  been  found  to  fit  a 
Langmuir  adsorption  isotherm,  providing  additional 
evidence  for  adduct  formation. 

We  have  used  such  semiconductor  PL  intensity 
changes  as  an  optically-coupled,  non-destructive, 
selective,  gas  chromatography  detector,  operated 
in  tandem  with  a  commercial  thermal  conductivity 
detector  (TCD).  For  example,  when  a  mixed  sample 
of  hexane,  n-butylamine,  toluene,  and  pyridine  was 
chromatographlcal ly  separated,  the  TCD  saw  all  four 
distinct  components,  but  the  PL  of  an  ultraband-gap 
illuminated  semiconductor,  attached  to  the  column 
exit  port  and  monitored  through  an  optical  fiber, 
responded  only  to  the  species  that  readily  form 
adducts  with  the  semiconductor,  n-butylamine  and 
pyridine.  Detection  limits  for  such  species  are 
less  than  1  ug. 
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The  use  of  luminescence  probes  in  studies  of 
polymeric  materials  has  attracted  much  recent  interest 
(1)  Polypyrrole  and  poly  thiophene  belong  to  an 
emerging  family  of  electronically  conductive  polymers 
which  can  be  electrochemically  redox-switched  between 
the  oxidized  conductive  form  and  the  neutral,  insulating 
state.  Thus,  the  possibility  of  utilizing  luminescence 
from  a  probe  molecule  located  close  to  the  polymer 
surface  to  report  back  on  environmental  changes  during 
the  switching  was  intriguing  to  us.  Specifically,  we 
anticipated  that  the  luminescence  from  such  a  molecule 
could  be  reversibly  modulated  in  a  manner  which  tracked 
the  corresponding  variations  in  the  polymer  conductivity. 
The  strategy  is  schematized  in  Fig.  1.  Aside  from 
dragnostic  applications,  this  new  modulation  technique 
could  lead  to  interesting  applications  in  the  chemical 
sensor  and  optical  display  areas. 


The  efficacy  of  this  approach  rests  on  the  extent 
to  which  the  probe  molecules  are  constrained  to  be 
within  the  critical  distance  for  energy-transfer  quenching 
from  the  polymer  surface.  To  this  end,  a  thin-layer 
luminescence  cell  is  designed  and  described  in  this 
paper.  Proof-of-concept  experiments  are  described  for 
polypyrrole  and  two  luminophores,  namely  pyrene  and 
Ru(bpy)3J+.  An  optically  transparent  gold  minigrid  was 
used  to  support  the  polypyrrole  in  the  thin-layer  cell.  In 
both  the  cases,  -90%  of  the  luminescence  from  the  probe 
molecules  was  quenched  by  switching  the  polypyrroie 
potential  from  its  neutral  state  (e  g.,  -0.9  V  Yi 
nonaqueous  Ag0'*  reference)  to  its  electronically 
conductive  form  (i-0.5  V).  Importantly,  this  modulation 
was  reversible  and  could  be  repeated  over  many  cycles. 


A  drawback  with  the  strategy  in  Fig.  1  is  that  a 
small  fraction  of  the  probe  molecules  resides  at  distances 
beyond  the  critical  quenching  distance  from  the  polymer 
surface.  To  further  discriminate  this  "background" 
emission  (-10%),  chemistry  is  described  to  covalently 
anchor  the  probes  to  the  polymer  surface.  Inina) 
experiments  with  polythiophene  (substituted  in  the  P- 
position)  and  polypyrroie  (chemically  modified  with  the 
probe  at  the  N-center)  are  described.  Anthracene  was 
used  as  the  fluorescent  molecule  in  this  phase  of  the 
work.  The  starting  monomers  as  well  as  the  chemically 
modified  polymers  were  characterized  by  elemental 
analyses,  FTIR,  NMR,  voltammetry,  and  fluorescence 
spectroscopy. 
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Spectra  A  and  8  were  obtained  a.  a  polypyrroie  potenbil 
respectively 


a  polyp vrrole  electrode  surface 
of  .0.5  v  and  -0*V 


9M 


Abstract  No.  669 


ELECTROCHEMISTRY  OF  SUBSTITUTED 
(SOLUBLE)  POLYTHIOPHENES 

E.  W.  Tsai.  S.  Basak,  J.  Ruiz, 

J.  R.  Reynolds*  and  K.  Rajeshwar* 
Department  of  Chemistry 
The  University  of  Texas  at  Arlington 
Arlington,  Texas  76019-0065 

Recent  interest  in  electronically  conductive 
polymers  has  focused  on  alterations  of  the  synthetic 
conditions  and  molecular  architecture  to  impart 
solution/melt  processability  of  the  resultant  materials. 

The  polythiophene  system,  in  particular,  has  been 
extensively  studied  in  this  regard.  The  consensus  now 
seems  to  be  that  ^-position  monomer  substituents  of 
appropriate  size  and  length  afford  the  solubility  of  the 
corresponding  polymer  in  common  organic  solvents. 

The  ability  to  process  these  polymers  using  convenient 
techniques  (e.g.,  spin-coating)  opens  up  a  broad  area  of 
applications.  In  this  paper,  we  report  on  the 
electrochemical  and  spectroscopic  characterization  of 
poly(3-ethylmercaptothiophene)  and  poly[3,4-bis- 
(ethylmercapto)thiophene).  The  synthetic  aspects,  as 
well  as  structure  and  electronic  property  correlations  for 
these  new  polymers  have  been  detailed  elsewhere  (1). 
Additionally,  data  on  poly(3-hexylthiophene)  are  also 
presented  for  comparison. 

In  this  paper,  we  use  cyclic  voltammetry  to  probe 
the  charge-discharge  reversibility  of  these  new  polymers. 
The  corresponding  behavior  of  polythiophene  and 
poIy(3-methylthiophene)  is  discussed  as  a  "baseline" 
reference.  The  electrochronic  behavior  accompanying 
redox  doping  of  these  polymers  is  also  discussed  with 
the  aid  of  suitable  photographs. 

A  new  aspect  addressed  in  this  paper  concerns 
the  irreversible  passivation  of  the  polymers  when  they 
are  driven  to  very  positive  potentials.  This  "over¬ 
oxidation"  behavior  has  been  noted  by  other  authors  for 
polypyrrole  (2),  but  has  received  only  cursory 
examination  for  poly  thiophene.  We  will  describe  the 
mechanistic  aspects  of  this  passivation  using  a 
combination  of  the  voltammetry  data  with  information 
derived  from  constant-potential  coulometry  and  FTIR 
spectroscopy. 
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were  also  quenched  by  the  NO2  molecules  diffused  inside 
the  film,  where  NO2  gas  was  adsorbed  and  desorbed  more 
slowly.  As  J-aggregate  is  known  to  have  a  high  mobility  of 
its  excited  states,  the  extremely  high  sensitivity  to  detect 
NO2  was  attributed  to  the  high  mobility  of  the  excited 
states  in  the  LB-film,  and  response  and  recovery  times 
seem  to  be  determined  by  the  adsorption  and  desorption 
processes  of  NO2  to  the  LB-films. 


Increasing  attention  has  been  paid  to  the  application 
of  the  Langmuir-Blodgett  film  technique,  because  this 
technique  can  make  monomolecular  layers  in  highly 
ordered  structures.  There  are  some  reports  on  the 
application  for  electronics,  optical  devices  and  sensors. 
G.G  Roberts  et  al.  reported  on  the  application  of 
phthalocyanine  LB-film  for  gas  detectors'*.  High  sensitivity 
and  fast  response  and  recovery  times  were  pointed  out  to 
be  merits  of  the  LB-film.  But  there  are  only  a  few  reports 
on  optical  sensors  using  LB-filmsJl.  In  the  present  work,  we 
have  studied  optical  gas  detectors  based  on  fluorescence 
quenching  of  squarylium  dye  LB-films  containing  J- 
aggregate  by  exposure  to  NO2  gas  in  an  air  atmosphere. 
We  found  that  very  small  amounts  of  NO2  could  be 
detected. 

Propyl  substituted  squarylium  dye  ( SQ3-3  )  ( fig .  1  )  was 
recently  found  to  form  a  monolayer  of  J-aggregate  on  the 
water  surface  during  the  investigation  of  the  influence  of 
alkyl  chain  lengths  on  the  monolayer  structure  of  dyes 
The  film  mixed  with  Cd-arachidate  (  1:1  )  could  be 
deposited  on  a  glass  slide  maintaining  J-aggregate.  The 
deposited  film  showed  a  sharp  absorption  at  770nm,  and 
exhibited  a  sharp  fluorescence  band  with  a  small  Stokes 
shift  (  <  5nm  ),  characteristic  of  J-aggregate5*.  The 
fluorescence  could  be  generated  with  an  excitation 
wavelength  between  about  600~770nm.  A  He-Ne  laser  ( 
632. 8nm  )  and  a  laser  diode  (  750nm  )  were  available  for 
the  excitation  of  this  film. 

These  fluorescences  were  found  to  be  reversibly 
quenched  by  nitrogen  dioxide  in  air  As  shown  in  fig  2,  the 
fluorescences  were  quickly  quenched  by  NO2,  and  the 
fluorescence  intensities  recovered  to  the  initial  intensity 
level  by  eliminating  NO2-  It  was  suggested  that  the 
relatively  fast  response  and  recovery  times  compared  with 
those  for  gas  detectors  of  phthalocyanine  film  deposited 
in  vacuum,  were  attributed  to  the  thinness  and  highly 
ordered  structure  of  LB-film.  With  enhancement  of  the 
NO2  concentration  in  the  air,  the  ratio  of  fluorescence 
change  increased,  and  the  response  and  recovery  curves 
became  slower.  Fig. 3  shows  the  dependence  of 
fluorescence  change  after  5  minutes  exposure  to  the  NO2 
concentration.  When  LB-films  were  exposed  to  low 
concentrations  of  NO2  (  <  0  2ppm  ),  the  dependence  on 
the  concentration  of  NO2  was  large.  The  fluorescence 
change  was  observed  even  down  to  several  tens  ppb.  On 
the  other  hand,  at  higher  concentration  the  dependence 
on  the  NO2  concentration  became  smaller. 

These  results  suggested  that  at  low  concentrations  of 
NO2,  the  fluorescences  from  dye  molecules  were  rapidly 
quenched  by  NO2  gas  molecules  adsorbed  on  the  surface 
film  of  squarylium  dyes,  with  the  formation  of  trapping 
sites  for  excited  states.  With  higher  concentrations,  the 
fluorescences  from  dye  molecules  in  the  bulk  of  the  film 


Fig.l.  SQ3-3 


b  :  0.14 
c:  2.2 
d  :  8.0 
e:  17.0 


Fig. 2.  Response  curves  for  fluorescence  quenching  at  the 
peak  wavelength  772nrr.  by  NO2  gases  in  air. 


Fig. 3  Ratio  of  fluorescence  change  by  concentrations  of 
NO2  gases  in  air  for  1 5  layers  of  LB-film. 
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ANALYSIS  OF  THE  ELECTRON  TRANSFER  PROCESSES  OF 
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Electrode  reaction  in  the  magnetic  field  is 
always  followed  by  the  occurrence  of  the  solution 
flow  induced  by  the  electromagnetic  force.  At  the 
same  time,  such  flow  enhances  the  mass  transfer 
process  near  the  electrode  surface.  In  the  previous 
papers  (1-4),  it  was  shown  that  a  new  type  of 
electrode,  magnetohydrodynamic  electrode  (MHDE) 
utilizing  this  phenomenon,  can  effectively  regulate 
the  flow  velocity  to  promote  the  mass  transfer  of 
active  species. 

MHDE  can  be  also  applied  to  the  separation  of 
the  electron  transfer  processes  in  the  presence  of 
magnetic  field,  from  overall  reaction  involving  both 
mass  transfer  and  electron  transfer  processes. 

Typical  MHDE  is  shown  in  Fig.l,  which  is  made  of 
a  channel  with  two  open  ends.  A  pair  of  plane 
electrodes,  working  and  counter  electrodes,  are 
imbedded  face  to  face  on  the  top  and  bottom  inner 
walls,  respectively.  Electrolytic  current  flows 

vertically  inside  the  channel  while  the  magnetic  field 
is  horizontally  applied  from  the  outside  of  the 
channel.  Whole  the  cell  system  is  immmersed  in  a 
large  volume  of  electrolyte  solution.  Then,  the 
solution  starts  to  move  by  the  induced  electromagnetic 
force,  entering  the  inlet  of  the  channel  and  leaving 
from  the  outlet. 

If  the  reaction  can  be  apparently  regarded  as 
the  first  order,  the  following  relationship  between 
the  current  density  i  and  the  magnetic  flux  density 
B  is  derived, 

.  *3/4  1/4 

1/i  -  1/i.  =  1  /( H  J/  C  )  1  /  ( Bi  ) 
k  o 

where  i  represents  the  current  density  of  electron 
transfer  processes,  C»  ij  the  bulk  concentration 
of  active  species,  and  H  is  a  constant. 

1/9- 

Figure  2  shows  the  plot  of  1/i  vs.  I  / (-fl i )  in  the 
case  of  copper  deposition  which  exhibits  good 
linearity,  and  the  extrapolation  of  the  linear  plot 
gives  the  value  of  .  Subtracting  the  ohmic  drop 
from  the  total  overpotential,  Tafel  relations  were 
obtained  as  shown  in  Fig. 3.  ^ 

Consequently,  at  least,  up  to  0.6  Wbm  of  magnetic 
flux  density,  transfer  coefficients  measured  were 
consistent  with  those  in  the  absence  of  magnetic 
field. 
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Fig.  1  MHDE  cell  configuration 


Fig.  2  Plot  of  1/i  vs.  IZ(Bi)1' 
for  copper  deposition 


Fig.  3  Tafel  plots  for  copper  and  zi  ru¬ 
de  posi  t  ions 

Curve  n:  copper  deposition 
Curve  h:  zinc  deposition 


966 


Abstract  No.  672 

Preliminary  Study  of  Saccharide  Diffusion  Through  Inert  Porcxis 
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There  is  little  information  available  on  tte  diffusivity  of  molecu¬ 
les  through  membranes  in  externally  applied  magretic  field  (  MF  ). 
Lielmezs  and  Aleman  [  1 J  have  observed  that  an  external  MF  of  0. 5  T 
affects  the  integral  diffusion  coefficient  values  of  electrolytes  in 
alkali  chloride  -  water  solution  (Fig.  la,b).  Models  [2,3],  hcwsver, 
predict  smaller  effect  than  found.  Presently  we  study  the  external 
MF  effect  on  diffusion  of  dilute  saccharide  solutions  through  inert 
porous  membranes  by  means  of  nndified  Rayleigh  interferometer  -  la¬ 
ser  systems(Fig.  2a  -  d). 

For  dilute  binary  sucrose  -  water  system  with  constant  diffusivity 
and  constant  density,  the  observed  diffusional  process  can  be  des¬ 
cribed  by  means  of  one  dimensional  Fick's  law  yielding  as  solution 
an  ideal  concentration  profile  (4  -  7]: 

CA(x,t)  *  J  CAo  erfc  t  (1) 

where  erfc  is  a  complemented  error  function  with  T  =  x/<Tot. 

The  mass  flux  J  at  any  point  in  the  cell  for  this  diffusion  process 
is:  n  jx 

J  -  -  -7-  J  C  (x.t)  dx  (2) 

xo 

Eq.  2  can  be  adapted  to  describe  free  molecular  diffusion  through  an 
idealized  membrane  (8]: 

<3) 

Using  Eq.  3,  Faxen  [8]  derived  an  expression  for  the  ratio  of  self¬ 
diffusion  coefficient  in  a  cylindrical  pore,  D^,  to  the  bulk  self¬ 
diffusion  coefficient,  Dp,  as: 

-  Dp  C  1  -  2.1046  +  2.09  «3  -  0.95  I!5)  (4) 

where  B  =  Rg  /  Rp  ;  the  ratio  of  molecular  to  pon?  radius. 

Eq.  4  shows  a  decrease  in  the  diffusion  coefficient  as  /!•  increases. 
The  orientation  cf  diamagnetic  molecules  in  a  MF  is  known  as  the 
Cotton  -  Mouton  effect  [9].  The  degree  of  orientation  of  a  cluster 
of  N  molecules, Nq  ,  can  be  written  as: 

^No  '  N  (  X  1 1  -  )  H2  /  kT  (5) 

To  predict  the  change  in  the  monbrane  diffusion  coefficient  for  mo¬ 
lecular  cluster  oriented  in  a  Ml'  introduce  parameter  /£  in  terms  of 
Eq.  5  as  iSfjp  : 

*  (  %  +  F  >/  (b) 

The  experimental  set-up  consists  of  bifocal  Rayleigh  interferometer 
placed  betv®en  the  tv®  poles  of  electromagnet.  The  fused  silica 
diffusion  cell  (Fig.  2d)  has  flatness  of  all  optical  surfaces  at 
A  /20  ( A  =  6328  A  )  and  parallel  Ism  better  than  1  arc  second.  The 
total  wave  front  distortion  is  diffraction  limited  to  A/4.  He  -  Ne 
(Spectra  Ihysics  Model  124  -  B)  laser  was  rated  13  nW  optical  out¬ 
put  at  A  =  6328  A.  All  optical  bench  and  cccponent  holders,  screws, 
bolts  and  mounts  ware  made  from  aliminun  and  nylon.  The  optical 
bench  rested  on  tv®  vibration  isolation  platforms.  Air  tenpe nature 
adjacent  to  the  diffusion  cell  was  kept  within  -  0.1  °C.  The  tv® 
membranes  (0.8  and  8.0  pm  pore  size)  were  surface  flat,  maxinun  peak 
to  valley  distance  on  the  surface  being  less  chan  0.1  p  m;  with  a 
pore  diameter  variation  of  0  %  to  10  X.  The  diffusing  solution  was 
ACS  reagent  grade  sucrose  dissolved  in  doubly  distilled  and  degassed 
water.  Varian  Associates  30  cm  Model  V  -  7300  electromagnet  (  18  cm 
diameter  pole  cape,  10  cm  gap  width).  Field  homogeneity  was  measured 
to  be  better  than  7  x  10  over  the  pole  caps  at  field  strength  of 
0.9  T.  Fran  the  obtained  interference  patterns  in  the  test  cell 
(Fig.  3  d)  a  cotTicrf'd  for  flee  lion  refractive  index  pruiile  n(x) 
was  established  [5,6]. 

For  dilute  solutions  refractive  index  n  is  Linear  function  of  suc¬ 
rose  concentration  [5,6): 

CA  *  n  c*c  +  ,  where  otc*  0.204014;  Ac- -  0.0271606  (  7) 

at  25°  C. 

Deflection  effect  corrections  can  be  described  by  means  of  signal  d 
type  function  (  Eq.  1,7  ): 

n(x)  ■  m  erf  (  Ax)  +  b  (8) 


For  steady  state  diffusion  process,  the  mss  flux,  Jxo»  becomes  the 
mass  flux  through  the  membrane.  The  membrane  diffusivity,  D^,  can  be 
calculated  fran  Eq.  2: 

/  (AC  /cfx  )  (12) 

The  free  diffusion  coefficient  for  binary  diffusion  is: 

JA  =  XA  (  Jw  +  JA  )  -  C  Dp  c)  Xa  /  3  x  (13) 

For  dilute  solutions  the  molar  concentration  of  water  is  linear 
function  of  molar  concentration  of  sucrose  [6]: 

X 1  CA+  1 1  (14) 

vtare  y  j  =  11.68744;  fc  ,  •  0.0553512 
Fran  Eq.  2,  14  it  follows  that: 

JA*  '/I  Jw  (15) 

This  study  suns  up  the  results  of  23  experiments  for  both  pore  size 
membranes  and  applied  MF  ranging  from  0  to  1.25  T.  The  raw  data  con¬ 
sisted  of  a  set  of  fringe  displacements  taken  at  different  times  for 
each  run  (Fig.  3c).  The  fringe  locations  were  measured  with  respect 
to  a  datun  taken  at  1.0  an  from  the  membrane  at  each  end  of  the  cell. 
The  concentration  of  sucrose,  constant  at  these  locations,  was  0  % 
in  top  and  1  %  in  lc*®r  halh  of  cell.  Each  microscope  measurement 
distance  corresponded  to  a  refractive  index  change  equivalent  to  one 
fringe  shift  or  one  wavelength  of  the  laser  light.  These  data  were 
used  as  input  for  data  analysis. 

Fig.  3a, b  shew  the  diffusion  coefficients  (D^,  Dp)  as  a  function  of 
MF  strength  for  both  membranes.  The  results  indicate  a  slight  de¬ 
crease  (1  to  2%)  for  3  sets  of  diffusion  coefficients.  While  we  can¬ 
not  with  certainty  establish  a  definite  correlation  between  the 
diffusivity,  D,  and  field  strength,  H;  the  results  show,  however, 
that  the  MF  has  a  small  txit  statistically  significant  influence  on 
the  diffusion  process.  This  is  brought  out  by  Eq.6,  the  canbireiticn 
of  Faxen's  relation  (Eq.4)  and  the  Cotton-Moutor  effect  (Eq.5).  The 
latter  suggests  that  diffusion  process  in  both  the  free  diffusion 
field  and  in  the  pores  may  be  decreased  by  the  application  of  a  MF. 
Faxen's  relation  implies  that  this  MF  effect  may  be  larger  for  pores. 
The  experiments  indicate  that  applied  MF  may  influence  the  free  and 
pore  diffusion  processes  in  somewhat  similar  fashion.  Yet,  superim¬ 
posing  Fig. 3a  cn  Fig. 3b  it  appears  that  the  free  diffusion  data  for 
0.8  m  pore  size  are  significantly  below  the  8.0  m  pore  size  measu¬ 
rements.  A  series  of  polysaccharides  (deaxyriboee.ribose, xylose, 
glucose,  fructose, sucrose,  maltose  and  rafinose)  has  been  selected 
to  study  further  the  applied  MF  effect  on  pore  and  free  diffusion 


processes. 
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ceptibility;  T  *  Tesla.  Subscripts:  A**sucrose;  F“free  diffusion;  M* 
membrane;  MPtnagnetic  field;  (Mnitial;  P“pore; absolute;  wneter. 
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Rfl.U 

Arithmetic  mean  average  Integral  diffusion  coefficient  and  concentration  plot  at  25  *C  for 
HCJ-,  KO-,  NaO-.  CsQ-,  and  LiCl-HjO  solutions  at  the  ambient  earth  field  (solid 
dim)  and  at  the  applied  external  transverse  magnet*  field  (dashed  curve)  conditions. 

Fig.  1b 

mer-wu  -tfityvfti*  100  plot  against  the  molaJ  sill  shifts  of  alkali  chlorides  in  water. 
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The  limiting  diffusion  current  on  a  steady  electro¬ 
de  is  a  function  of  the  applied  magnetic  field  <1,2>. 
In  fact,  the  magnetic  force  induces  a  convection  in 
the  solution  and  thus  enhances  the  mass  transport 
process.  In  order  to  verify  this  description,  we  have 
developed  a  new  impedance  technique  :  the  magneto- 
hydrodynamic  (MHD)  impedance  which  consists  on  the 
frequency  response  analysis  of  the  limiting  diffusion 
current  to  a  sinusoidal  magnetic  field  perturbation  of 


small  amplitude  <J>.  Following  our  description,  a  sinu¬ 
soidal  magnetic  field  perturbation  B  induces  r»  sinu¬ 
soidal  velocity  gradient  S^at  the  interface  nod  t-hen  a 
limit ing^current  response  I  : 


If  the  transfer  function  S/B  is  supposed  to  be  in¬ 
dependent  of  the  frequency  in  the  experimental  fre  ■ 
quency  range,  the  transfer  function  I/B  is  directly 
proportional  to  I/S.  This  transfer  function  is  well- 
known  for  people  using  electrochemical  methods  for 
hydrodynamical  studies  <.4,5>  and  in  Bode  coordinates 
it  can  be  reduced  by  the  usual  dimensionless  frequency 
«|2/3/  a2'  W*  which  corresponds  to  co^/D,  where  w  is 
the  frequency  modulation,  d  the  microelectrode  diame¬ 
ter,  D  the  diffusion  coefficient  and  6  the  diffusion 
layer  thickness. 


EXPERIMENTAL 

The  electromagnet  (Drusch  EAM20G)  has  a  gap  width 
variable  up  to  10cm,  and  can  generate  a  magnetic  field 
up  to  2T  for  a  2cm  gap.  The  cylindrical  pole  pieces 
have  a  20cm  diameter  and  are  constructed  in  order  to 
obtain  a  particularly  uniform  magnetic  field. 

The  experimental  arrangement  is  described  in  <3> 
and  in  this  symposium.  For  the  MHD  impedance  measure¬ 
ments  the  current  response  and  the  voltage  propor¬ 
tional  to  the  magnetic  field  perturbation  are 
amplified,  filtered  and  then  measured  by  means  of  a 
transfer  function  analyzer  (Solartron  1250). 


RESULTS 

Steady  state  measurements  : ^  ^ 

The  magnetic  force  ( 1/p  i  A  B)  induces  the  velocity 
gradient  at  the  wall.  In  first  approximation  the  cause 
is  proportional  to  the  effect  and  the  velocity  gra¬ 
dient  a  is  proportional  to  the  magnetic  force  and  then 
to  B  and  c»  (i  being  proportional  to  c<*>) .  The  limiting 
current  on  an  electrode  is  proportional  to  5  ^/3<6> 
and  can  be  written  as  : 

.  =  i,n2/3  jn  _  .,.2/14/3.1/3 

1^  *  kD  CooO  =  k  D  Coo  B  (2) 

In  figure  1,  ll^l/on  has  been  plotted  versus 
B^3c,J/3  for  various  concentration  and  different  magne¬ 
tic  field  intensities.  If  the  product  B^3c,|/3  is  high 
enough  all  data  are  reduced  to  one  curve.  At  very  low 
value  of  the  product  B^3c i/^,  the  limiting  current  is 
constant  until  the  effect  of  the  forced  convection  due 
to  B  is  larger  than  the  natural  convection.  This  curve 
explains  the  apparent  disagreement  between  the  data 
mentionned  in  the  literature  <1>  concerning  the  varia¬ 
tion  of  I  versus  BY  :  all  exponent  y  larger  than  1/3 
may  correspond  to  the  transition  regime. 


Impedance  measurements  : 

.  AC  impedance  :  The  AC 


Nyqwist  plot  is  similar  to 


impedance  diagram  in  a 
the  diffusion  impedance  ob¬ 


tained  on  a  raicroelectrode  (figure  2).  In  low  frequen¬ 
cy  range,  the  impedance  corresponds  to  mass  transport 
and  all  diagrams  can  be  reduced  by  the  usual  dimen¬ 
sionless  frequency  ujd2/3/02/3Dl/3  or  According 

to  the  steady  state  study,  the  dimensionless  frequen¬ 
cy  is  proportional  to  u jB“*^c«2^  . 

.  MHD  impedance  :  In  agreement  with  our  analysis, 
the  low  frequency  loop  is  similar  to  the  transfer 
function  1/5  <4,5>.  In  figure  3,  we  have  plotted,  in 
a  Nyquist  diagram,  the  MHD  impedance  obtained  on  the 
anodic  and  on  the  cathodic  plateau  for  the  same  magne¬ 
tic  field  and  for  an  equimolar  redox  species  solution 
(ferri  and  ferrocyanide  in  the  present  case).  In  the 
low  frequency  range,  the  two  low  frequency  loops  are 
symetrical  with  respect  to  the  origin,  in  agreement 
with  the  opposite  sign  of  the  corresponding  steady 
state  current  but  in  the  high  frequency  range  the  two 
diagrams  are  confused.  Considering  these  tve  different 
behaviours  in  low  and  high  frequency  range,  each  one 
will  be  studied  separately. 

Low  frequency  range  :  In  Bode  coordinates,  all  dia¬ 
grams  are  reduced  by  the  dimens  ionless  frequency 
uB'2/3ci2/3  (figure  4).  a  theoretical  transfer  func¬ 
tion  1/5  to  an  arbitrary  dimensionless  frequency  is 
also  plotted  in  dashed  lines  <5>.  In  the  low  frequency 
range  the  behaviours  of  1/5  and  of  the  MHD  impedance 
are  similar. 

High  frequency  range  :  The  high  tiK^uency  loop  is 
identical  for  the  anodic  and  cathodic  response  and  is 
a  function  of  the  frequency  and  is  no  cere  reducible 
by  the  dimensionless  frequency. 

Until  now  this  behaviour,  independent  of  the  con¬ 
vection,  is  not  fully  understood,  but  the  experimental 
data  suggested  an  effect  linked  to  the  electric  field. 
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It  has  been  shown  that  the  electrochemical 
elementary  processes  react  under  a  magnetic  field 
induction.  Numerous  investigations  have  been  carried 
out  on  the  influence  nf  an  applied  magnetic  field  on 
mass  transport  (1  and  ref.  therein)  and  in  particular 
on  the  limiting  diffusion  current.  However  concerning 
the  electrode-electrolyte  interfaces  of  which  the 
overall  reaction  rates  are  not  limited  by  mass  trans¬ 
port  very  few  informations  can  be  found  in  the  litera¬ 
ture.  It  seems  that  the  Kelly's  paper  (2)  published 
in  1977  about  the  corrosion  of  titanium  in  sulfuric 
acid  medium  is  the  r.ajor  study  on  this  topic.  In  this 
case  when  the  electrolyte  is  flowing  in  the  cell  he 
found  that  all  potential -dependent  electrochemical 
processes  are  subject  to  the  magnetic  field  effect. 

In  this  paper  some  preliminary  results  about 
corrosion  of  an  iron  electrode  immersed  in  a  sulfuric 
medium  will  be  given.  Current-vol tage  curves,  electro¬ 
chemical  impedances  and  a  voltage-magnetic  field 
transfer  function  will  be  investigated  under  magnetic 
field  influence. 

The  electrode  is  a  5  mm  diameter  iron  disc 
facing  upwards  in  order  to  eliminate  the  hydrogen 
bubbles  when  it  is  polarized  close  to  the  corrosion 
potential.  The  experimental  arrangement  is  depicted 
in  Fig.  1.  Thanks  to  a  transfer  function  analyzer 
(Solartron-Schlumberger)  the  classical  impedance 
(3E/3I )g ,  and  the  current  or  voltage-magnetic  field 
transfer  function,  (M/3B)e  or  (3E/3B)i  can  be  mea¬ 
sured  by  modulating  either  the  voltage  or  the  magnetic- 
field  by  perturbing  the  current  of  the  electromagnet 
power  supply  (3). 

In  Fig.  2  are  given  the  current-vol tage 
curves  of  the  iron  electrode  in  sulfuric  medium  for 
various  values  of  the  magnetic  induction.  The  enhan¬ 
cement  of  the  dissolution  current  from  the  limiting 
current  plateau  observed  at  B  =  0  could  be  due  to  the 
acceleration  of  the  mass  transport  of  the  reactive 
species.  However  an  effect  can  be  also  detected  in 
the  low  current  active  range  (e.g.  at  460  mV  the  cur¬ 
rent  changes  from  0.86  mA  to  0.65  mA  when  B  changes 
from  0  to  1.2  T).  The  alteration  of  the  current  dis¬ 
tribution  is  demonstrated  by  the  scheme  of  the 
dissolution  morphology  observed  under  B  influence 
given  in  Fig.  3. 

The  impedance  of  the  iron/sulfuric  acid 
interface  has  been  measured  under  the  influence  of 
the  magnetic  field.  Fig.  4  demonstrates  an  effect  of 
B  on  the  interfacial  impedance  within  a  current  range 
where  it  is  usually  assumed  that  there  is  no  control 
of  the  current  by  the  diffusion  process.  It  has  to  be 
noticed  that  the  more  the  current  is  low  the  more 
important  is  the  effect  of  B.  Hence  it  seems  that  the 
magnetic  induction  has  an  effect  on  the  kinetics 
parameters  (reaction  rates,  Tafel  coefficients  ...) 
and  on  the  double  layer  capacity. 

This  is  supported  by  the  measurement  of  the 
current-magnetic  field  transfer  function  obtained 


from  the  analysis  of  the  response  of  the  current  in 
potentiostatic  regime  to  a  magnetic  field  sinusoidal 
perturbation  (Fig.  5).  The  characteristic  shape  of 
this  transfer  function  found  when  the  mass  transport 
is  the  rate  limiting  step  is  not  found  for  the  corro¬ 
sion  of  iron  under  magnetic  field  influence  at  least 
in  the  low  current  active  range.  The  interpretati on 
of  this  new  transfer  function  is  in  progess  in  this 
case. 

References 

(1)  A.  OLIVIER,  J.P.  CHOPART,  J.  DOUGLAOE  and 
C.  GABRIELLI 

J.  Electroanal .  Chem. ,  217  (1987)  443. 

(2)  E.J.  KELLY 

J.  Electrochem.  Soc.,  V24  (1n'/J  987. 

(3)  A.  OLIVIER,  J.P.  CHOPART,  J.  DOUGLADE,  C.  GABRIELLI 
and  B.  TRIBOLLET 

J.  Electroanal.  Chem.,  277  (1987)  275. 


Fig,  t  :  Experimental  arrangement  for  the  measu¬ 
rement  of  the  electrochemical  impedance  under 
magnetic  field  influence  and  of  the  current- 
magnetic  field  transfer  function. 


Fig.  2  :  Current-vol tage  curves  of  a  iron  disc 
in  "Hp504  2M  under  the  influence  of  a  magnetic 
field. 
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The  electrochemical  reduction  of  aquo  Zn 
has  been  studied  galvanostatically  at  current 
densities  ranging  from  0.10  mA  cm”2  to  7.0  mA  cm”2 
by  using  the  cell  Zn/ZnS0^/Zn,  and  operating  it  at  its 
natural  pH,  under  the  influence  ofthe  imposed  magnetic 
field  strengths  ranging  from  0.09  to  0.50  T  in  the  V- 
position,  C/A-position  and  A/C-position.  The 
convective  contours  are  visibly  defined  in  the  V-  and 
A/C-positions.  The  extent  of  convection  in  the  C/A- 
position  is  negligible  in  the  presence  of  the  applied 
magnetic  field. 

Previous  papers  (1)  reported  the  observation 
and  analysis  of  the  magnetic  field  effect  on  the 
electrochemical  cell,  Cu/CuS0^/Cu  with  the  plane 
parallel  electrodes  oriented  in  the  vertical  configu¬ 
ration.  By  the  use  of  multiple  beam  laser  interfero¬ 
metry  a  series  of  distorted  fringes  in  the  V-position 
were  generated  at  the  electrode/solution  interface 
upon  application  of  an  external  magnetic  field.  This 
effect  was  also  observed  when  the  anode  was  placed 
over  the  cathode  (A/C)  configuration;  in  this 
configuration  the  magnetic  field  operated  to  reduce 
the  apparent  convection.  The  fluid  density  differ¬ 
ences  ir.  the  different  regions  of  the  cell  caused  by 
the  electrolysis  produces  the  effect.  The  hydrodyna¬ 
mic  effect  would  be  expected  to  be  minimal  when  the 
cell  electrodes  are  oriented  in  the  cathode  over  anode 
(C/A)  configuration.  A  reduced  mass  transport  effect 
was  in  fact  observed  which  was  postulated  as  arising 
from  the  characteristics  of  a  paramagnetic  fluid*.with 
a  view  to  obtaining  further  support  to  this  postulate, 
we  investigated  the  Zn/ZnSO^/Zn  system  (Zn^+  is  d^) 
by  introducing  the  paramagnetic  ions  into  the  medium; 
Mn2+  (d^)  and  Cr3+  (d2)  were  selected  as  they  can 
satisfy  thermodynamic  considerations.  A  mixture  of 
electrolyte  with  the  composition  of  0. I  M  ZnS04  and 
0.1  M  MnCl?  or  0.1  M  ZnSOa  and  0.01  M  OCI3  in  the 
above  cell  produces  significant  deviations  in  the 
diffusion  layer  relaxation  and  in  the  development  of 
concentration-time  profiles,  which  are  presented  in 
this  paper  supporting  the  paramagnetic  fluid  postulate. 

The  fluid  velocities  in  the  reduction  of  Zn2+ 
under  the  imposed  magnetic  field  are  estimated  at 
1  cm/s  to  7  cm/s.  The  diffusion  layer  relaxation  was 
followed  by  the  fringe  shift,  after  the  electrolysis 
had  been  terminated.  The  relaxation  mechanism  appears 
to  be  as  low  rotational  and  translational  movement  of 
the  paramagnetic  fluid  in  the  C/A  position. 
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MAGNETIC  FIELD  EFFECTS  IN  THE  BULK  OF 
AN  ELECTROLYTIC  CELL 
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Our  first  aim,  twenty  seven  years  ago,  was  to  test  a 
hypothesis  (I)  on  the  protonic  conduction.  If  it  was  true,  an 
effect,  similar  to  the  "Hall  effect"  might  appear  in  acidic 
solutions  and  the  expected  magnitude  for  the  "Hall 
voltage"  V|_j  should  be  in  the  range  of  10^-10^  times  the 
calculated  \alue  from  the  mobilities  of  tables.  Effectively 
the  value  measured,  in  the  presence  of  a  permanent 
magnetic  field  perpendicular  to  a  direct  current  I,  accord 
with  the  expected  value.  increases  linearly  with  the  IB 
value  (B  magnetic  field  strenght),  is  in  inverse  proportion 
to  the  acidic  concentration  and  to  the  thickeness  (lew 
millimeters)  of  the  parallelepipeds  cell. 

Then,  galvanomagnetic  transverse  and  thermomagnetic 
transverse  effects  as  well  a  "concentration  transverse 
effect"  (i.e.  difference  of  the  ionic  concentrations 
measured  between  the  two  sides  of  the  cell)  have  been 
investigated  by  several  coworkers  (2)  on  acids,  bases,  and 
salts,  in  aqueous  or  alcoholic  solution,  and  on  molten  salts. 
The  results  are  coherent  and  in  accord  with  those  of  other 
authors. 

Theoretical  microscopic  approuchs  have  been  made, 
using 

1°  the  classical  statistical  mechanics  13)  (after 
H.L.  FRIEDMAN) 

2°  the  kinetic  theory  (4)  (after  P.  MERGAl'LT  and  1. 
PAGES). 

The  microscopic  models  of  electrolyte  ^re  different^ 
howev  er  the  "Hall  constant"  is  Rj.i  I  •’  AJI  "nj'',|i<)- 

(n,,  e,,  p,  being  respectively  number,  charge  and  mobility 
of  the  i  ion).  From  the  first  approach  A,  exp(  At  /KT),  A- 
depending  on  the  viscosity  ;  from  the  second  A,  V,  is  a 
function  correlated  with  the  kinetic  energy  of  the  i  ion. 
Calculated  ;■  t  are  on  the  range  of  10**.  The  kinetic  theory 
permit  to  calculate  the  terms  of  the  teusorial  transport 
coefficients  as  funr  iion  of  B  and 

At  the  first  approximation,  theoretical  and  experimen¬ 
tal  results  are  in  good  accord,  although  the  ele<  trolyte  is 
supposed  quasi-infinite  diluted,  quiet  and  homogeneous. 
Nevertheless  several  experimental  features  remain 
unexplained  by  the  theories.  Namely  : 

-  By  the  measurement  of  the  "Hall  voltage" 

.  Almost  stable  values  occur  after  transient  during 
several  minutes  (or  hours)  and  many  measurements  art* 
net  essary  to  determine  the  most  probable  value. 

.  The  measured  V^  increasing  linearly  as  the  product 
IB  increase  arises  a  maximum  value,  then  decreases  and 
can  f  hango  of  sign. 

.  lor  the  low  speed  of  ions,  it  tan  not  reverse  with  the 
orientation  of  the  magnetic  field  and  not  be  a  linear 
/unction  of  B  ("anorrnal  e/fert"). 

-  Aspect  of  the  cell 

In  the  atm  to  underMand  tins  phenomena,  the  bulk  of 
the  electrolyte  (solution  or  molten  salts)  has  been 
observed,  photographed  and  filmed  :  or  coloured  ions  was 
introdincd  in  the  cell,  or  a  coloured  tone  cle«  trodu 
product  tan  diffuse.  When  coloured  ions  progress  from  the 
button  of  a  vertu  ai  cell  and  from  a  /one  outside  the 
magnet  it  field,  the  horizontal  front  of  diffusion  slopes 
unmcdiatly  in  the  magneii*  field  and  stops  during  several 
minutes  before  they  go  up  slowly  along  one  wall  of  the 
cell. 


The  sloped  front  conforms  with  the  direction  of  the 
Lorentz  force. 

At  the  separation  surface  the  coloured  ions  concentra¬ 
tion  changes  radically  to  a  value  close  to  zero. 

When  clectrodic  ionic  product  is  heavier  as  the  solution, 
it  descends  down  a  wall  of  the  cell  and  tends  to  go  up  the 
other  wall  depending  of  the  direction  of  the  Lorentz.  force 
which  is  now  applied  to  ascending  charge  carriers.  The 
movement  leaves  a  central  colourless  /.one. 

Several  authors  describe  hydrodynamic  movements  in 
magncto-efertroJyse  cells. 

-  Temperature  map  in  the  cell 

Very  small  gradients  of  temperature  (  AT  -0.0  l°C)  was 
observed  in  the  bulk  of  an  electrolytic  cell  (Cu/CuSO^/Cu) 
set  in  a  heat-insulating  box.  In  a  point  of  the  electrolyte 
the  temperature  vary  of  *  AT  according  to  the  sign  of  B  or  I. 
The  sign  of  AT  is  not  the  same  in  all  the  points.  The 
effects  are  reproducible.  A  tridimensional  map  of 
temperature  has  been  drawn.  The  small  mhomogenoity  of 
temperature  induces  change  in  the  natural  convection,  but 
no  motion  was  observed. 

-  Chemical  equilibrium 

Chemical  equilibrium  can  be  displaced  in  presence  of 
magnetic  field.  For  example,  in  tne  case  of  H}Pv\.  when 
the  magnetic  field  is  first  established,  the  measured  "Hall 
voltage"  increases,  then  decreases  showing  two  plateaux 
before  the  final  stable  value  :  it  seems  that  the 
electromagnetic  energy  permits  two  dissociations. 

-  A  way  for  explanation 

In  some  reviewed  cases,  hydrodynamic  motion  is 
certainly  for  a  part  :  From  the  first  equation  of  dynamics 
lor  a  homogeneous  system  without  chemical  reaction  it 
appears  that,  if  the  liquid  is  initially  at  the  equilibrium 
(v0  0).  bclore  the  input  of  magnetic  (or  electric)  field,  a 
speed  would  be  necessary  initiated  when  B  (ore)  is  applied 
and  the  time  necessary  for  a  stable  measurement  is  the 
time  necessary  to  establish  a  new  equilibrium  state.  That 
can  explain  qualitatively  the  transient. 

We  explain  separately  (qualitatively  or  quantitatively ) 
each  reviewed  point. 

But  for  a  general  theory,  it  is  necessary  to  conside;  the 
energetic  whole  balance  and  also  to  take  into  account  the 
results  of  the  microscopic  theories.  The  wav  of  the 
thermodynamics  of  the  irreversible  processes  appears  the 
best  way.  R.  HAASE  C>)  has  studied  "the  matter  in 
electromagnetic  field"  but,  unfortunately ,  Ins  hypotheses 
arc  not  all  convenient  lor  the  present  case  and  vw  trv  to 
adapt  the  theory  to  our  problem. 
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Int reduction. 

In  Hall  effect  experiments  one  measures  the  transv¬ 
erse  e.m.f. which  appears  when  an  isotropic  conductor 
is  subjected  to  crossed  electric  and  magnetic  fields, 
the  Hall  voltage  V  is  V=RlB/d/2, ( 1 ) , where  l  is  the  al¬ 
ternating  r .m. s . longitudinal  current, B  the  perpendicu¬ 
lar  alternating  r.m.s.f icid,d  the  thickness  of  the  co¬ 
nductor  and  R  the  so-called  Hall  coefficient. 

Hall  effect  measurements  in  electrolyte  1-1  dilute 
solutions  suggested! ; 1 | )  that  one  has  to  postulate 
the  existence  of  two  kinds  of  ionic  mobi 1  it ies : the  or¬ 
dinary  electric  (longitudinal)  mobility  u*  and  a  tran¬ 
sverse  magnetic  mobility  v*  .We  then  define  the  Hall 
ionic  number  htcv*/u+ .The  Hall  number  of  the  solution 
is  h=t+.2lu  -  t-:h-  =  Rne  =»(u^v+  -  u_v-) / ( u+  ♦  u-)!(2); 
n  is  the  density  of  the  charge  carriers ;e  the  electro¬ 
nic  charge;t*  the  cation  or  anion  transport  number. We 
may  express  the  Hall  number  h  in  terms  of  the  ionic- 
equivalent  conductivities  X  :h*(\$.h+-Hh-) /('  ++.\_)2  . 
(3). 

Experimental  aspects. 

The  experiments  have  been  carried  with  alternating 
L:  two  frequencies  have  been  used: 243. 75  Ha  and  487.5 
Hz, which  give,with  alternating  B  (75  Hz)  four  Hall 
voltage  frequencies  168.75  Hz, 318. 75, 412. 50, 562.50  Hz 
respectively. The  blockdiagram  of  the  experimental  de¬ 
vice  is  given  below. 

We  have  used  parallelepiped-shaped  cells  with  plati¬ 
num  elect rodes, the  electrolyte  specimen  dimensions  be¬ 
ing:  width  :8mm; length: 3.5cm; thickness :0. 2mm, 0. 79mm  (in 
pure  silica)and  8mm  (plexiglass)  respectively. 

The  Hall  cell  impedances  lie  between  a  few  tens  and 
a  few  hundreds  of  kf.  and  the  Hall  voltages  between  a 
few  nV  (around  ten)  and  around  200  nV. 

Measurement  results. 

The  Hall  numbers  are  directly  derived  from  the  Hall 
voltage  measurements  (1,2). Since  h  is  a  linear  combi¬ 
nation  of  h*  and  h_,(3),for  a  1-1  solution, one  cannot 
calculate  the  Hall  numbers  h+  and  h_  (one  equation  for 
two  unknowns). In  the  same  way, if  one  measures  the  Hall 
number  h  for  two  salts  X+A“  and  X*B_  .whatever  may  be 
the  cation  X+,one  obtains  two  equations  for  three  un¬ 
knowns.  It  is  thus  necessary  to  assume  a  value  for  one 
Hall  ionic  number. 

Salts  in  water  solvant:30  salts. (Table  1) 

We  had  assumed  first  (i1|)  that  h(BPh^") " 1 . (Col . 1 ) 
Later  on  ( ;  2  ; .)  we  assumed  h(Cs+)*0. 71 . (2nd  column! 

To  take  into  account  recent  theories  of  the  Hall 
effect  in  electrolyte  solutions  which  predict  an 
h  =(1.75  for  slip  boundary  conditions  for  any  1-1  salt 
in  dipolar  sol  van, we  may  assume  h(Cs*)*D.75  (column 
J)  <>r  h(  BI,b^“)=0. 75  (column  4). 

Salts  in  methanol  solvant:22  salts  (table  2) 

Salts  in  acetoni t ri le : 18  salts  (table  3). 

Theoretical  aspects- Interpretation  of  the  results. 

The  ionic  Hall  numbers  h  +  may  be  written  h»  =  l  +  .Mi* 
or  h=  l*Ah, without  the  indices  4, where  Ah  gives  the  in¬ 
fluence  of  the  solvant .Most  of  our  results  show  that 
h< 1  and  this  may  be  explained  by  supposing  that  the 
I.orentz  fori  e  acting  on  an  ion  in  a  solvant  is  modifi¬ 
ed  (diminished)  Ijy  the  option  of  the  solvant. So  one 
may  write  :  Feq(K*h(v  X  B>  )where  q  is  the  charge  of 
the  ion,v  its  veloc i ty. Three  recent  theories  on  the 
Hall  effect  in  electrolyte  1-1  solutions  (  ,  3 ,  .  |  4  [  ,  |  5  ;  ) 
lead  to  the  simple  f  orm:h=-C(  :.J  ( •  - 1 ) /•  .where  •  is  the 
static  dielectric  constant  of  the  solvant ,and  C ( \ ) i $ 
a  numerical  coefficient  which  depends  only  on  the  hy¬ 
drodynamic  slip  parameter , regard  1  ess  of  ionic  charge, 
size  or  solvent  vi scosi t y .The  Stokes  friction  coeffi¬ 


cient  is: ;=6r(1-\)' R, where  r  is  the  fluid  viscosity, R 
the  ion  radius. The  Hubbard-Wolynes  theory  leads  to  the 
value  h=0.7l,the  Kroh-Felderhof  and  the  Sung-Friedman 
one  to  h=0. 75  for  perfect  slip  (  ',  =  1  /3)  .  (  j  6  !  )  . 

Depending  on  the  Hall  ionic  number  Value  arbitrari¬ 
ly  clioosen  to  calculate  the  set  of  ionic  number  values 
one  may  prudently  conclude  that: 

for  water  the  theories  doesn't  seem  to  fit  .since , i f 
the  h  values  for  the  cations  are  near  to  0.75  (in  the 
limits  of  errors), the  values  for  the  anions  are  defi¬ 
nitely  lower  than  0 . 75 , what  ever  is  the  assumption  that 
has  been  made. 

for  methanol : the  assumption  which  seems  the  best  is 
h(BPh4”)=0. 75;h(Cs+)=0. 75  seems  acceptable  too. 

for  acetonitrile:one  observes  a  regular  growth  for 
cations  and  anions  for  hCBPh^") =0. 75, and  one  may  noti¬ 
ce  too  that  the  difference  between  the  cation  and  an¬ 
ion  values  is  much  less  marked  than  in  water. 

As  a  general  conclusion, it  seems  that  the  structu¬ 
ral  effects  which  are  not  taken  into  account  in  a  con¬ 
tinuum  model  play  an  important  role. Anyway, our  results 
are  not  accurate  enough, for  the  present, to  go  beyond 
in  their  interpretation, and  particularly, they  don't 
afford  one  to  choose  between  the  theories  in  presence. 

To  end  this  extended  abstract, we  would  like  to  give 
a  result  of  recent  measurements  of  the  Hall  effect  of 
acids  in  water, which  are  not  yet  publ ished : the  h<HJ0*> 
value  for  HC1  solutions  is  h(H50+ )=0. 10  whatever  is 
the  assumption  that  has  been  retained ,oonf i rraing  the 
very  peculiar  behaviour  of  proton  in  water. 
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Abstract  No.  678 

THE  ENHANCING  EFFECT  OF  MAGNETIC  FIELDS  ON  CONVECTIVE 
FLOW  PATTERNS  IN  AN  ELECTROLYTE  VIA  FLOW  VISUALIZATION 


August ina  Lau*  and  Thomas  Z.  Fahldy 
Department  of  Chemical  Engineering 
University  of  Waterloo 
Waterloo,  Ontario  N2L  3G1  CANADA 

The  study  of  free  convection  flow  patterns 
generated  at  complex  surfaces  in  an  electrolyte,  and 
in  the  presence  of  magnetic  fields  via  flow  visuali¬ 
zation  indicates  that  strong  vortices,  bifurcating 
flow  and  highly  specific  propagation  profiles  can  be 
created  {1J.  Figure  1  shows  a  typical  convective  flow 
movement  generated  at  a  sphere  in  the  presence  of  a 
uniform  horizontal  magnetic  field  of  260  mT  flux 
density.  At  the  onset  of  electrolysis,  two  bra*._.ies 
of  flow  are  generated  at  the  top  and  bottom  of  the 
spherical  cathode,  both  whirling  around  it.  At  the 
same  time,  a  separate  branch  is  formed  at  the  top  of 
the  cathode  which  propagates  diagonally  downwards  to 
the  centre  of  the  cell  and  finally  splits  into  smaller 
branches  swirling  away.  Such  records  obtained  for  a 
number  of  characteristic  cathode  shapes  depict  clearly 
the  enhancing  effect  of  magnetic  fields  on  convective 
flow  patterns  in  relation  to  the  shape  of  the  solid/ 
liquid  interface. 

The  magnetic  field  vector  behaves  very  much  like 
the  vorticity  vector  in  the  theory  of  fluid  mechanics 
[2j.  It  has  been  shown  [ 3 , 4 J  that  the  magnetohydro¬ 
dynamic  (MHD) body  force  _F,  a  measure  on  interaction 
between  the  current  density  and  the  magnetic  flux 
density  B,  is  a  predominant  factor  in  determining  flow 
behaviour.  Figure  2  shows  typical  initial  MHD  body 
force-density  distribution  curves  for  a  spherical 
cathode  with  an  imposed  uniform  horizontal  magnetic 
flux  density  of  120  mT.  Since  initial  inhomogeneities 
become  more  pronounced  upon  convective  flow  propa¬ 
gation,  such  curves  indicate  sufficiently  the  combined 
effect  of  cathode  shape  and  magnetic  field  strength: 
due  to  initially  present  nonuniformities,  highly 
specific  propagation  patterns  are  generated  and 
locally  strong  anisotropies  result  in  strong  local 
turbulence.  These  results  may  be  potentially  useful 
for  the  design  of  electrolyzers,  mixers  etc.  with 
predetermined  flow  propagation  patterns. 
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Figure  1.  Convective  flow  generateJ  at  a  spherical 
cathode  in  the  presence  of  a  horizontal  magnetic 
field  of  260  mT  flux  density. 


Figure  2.  Initial  distribution  of  the  MHD  body  lor 
density  around  a  spherical  cathode  r-  =  x-’  +  y-;  x 
and  y  are  tangential  coordinates  along  the  opposite 
plane  electrode.  -  =  normal  oordinate  measured  fri 
the  opposite  plane  electrode. 
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Abstract  No.  679 

THE  EFFECT  OP  CHLORIDE  ION  ON  ELECTROLYTIC 
CODEPOSITION  OF  COPPER  AND  GAMMA  ALUMINA 
IN  A  MAGNETIC  FIELD 


P .  Brace  and  J .  Dash 


Department  of  Physics 
Portland  State  University 
P.O.  Box  751 
Portland.  Oregon  97207 


If  the  conductivity  of  electrically  neutral 
particles  differs  from  that  of  an  electrolyte,  then 
there  Is  a  net  force  on  the  neutral  particles  during 
electrolysis  in  a  magnetic  field  (1).  It  appears 
that  this  net  force  makes  it  possible  to  codeposit 
gamma  alumina  particles  during  electrolysis  in  a 
magnetic  field,  whereas  the  same  particles  may  not 
deposit  without  the  presence  of  a  magnetic  field. 

This  research  shows  that  codeposition  of  copper  and 
gamma  alumina  in  a  magnetic  field  lg  possible  from  an 
electrolyte  containing  up  to  5  x  10  ppm  Cl  . 
whereas  previous  work  showed  that  gamma  alumina  could 
not  be  deposited  at  Cl  concentrations  above  about 
5  ppm  ( 2 ) . 

The  codeposition  of  copper  and  alumina  *as 
carried  out  in  an  electrolytic  cell  composed  of  two 
copper  electrodes. 2Plg.  1.  The  active  area  on  each 
electrode  was  1  cm^  on  the  lower  side.  The  re 
mainder  was  insulated.  The  electrolyte  contained  30 
ml  of  0.5  M  H2S0  and  0.5  M  CuS(>4  5H20.  This 
was  altered  by  the  addition  of  varying  amounts  of 
chloride  ion.  Four  ml  of  0.05  /ui  gamma  alumina 
(Buhler  Ltd.  polishing  alumina)  also  was  added  to  the 
electrolyte.  This  powder  settled  to  the  cell 
bottom.  A  magnetic  field  of  0  kG  normal  to  the 
0.1  A  cell  current  caused  the  alumina  to  rise  from 
the  cell  bottom  and  disperse  in  the  electrolyte  (3). 
After  plating  for  10  minutes,  the  cathode  deposits 
were  cleaned  ultrasonlcally  in  methanol.  The 
morphology  was  determined  with  a  scanning  electron 
microscope  (SEM).  the  composition  was  determined  with 
an  energy  dispersive  spectrometer  (EDS),  and  the 
crystalline  forms  present  were  determined  by  x-ray 
diffraction  (XRD) . 

Pig.  2  shows  the  morphology  of  the  deposit  made 
with  720  ppm  Cl  In  the  electrolyte.  The  angular 
particles  are  CuCl.  The  material  in  between  these 
particles  contains  about  2  at.  percent  gamma  alumina. 

Previously  it  was  suggested  that  gamma  alumina 
contains  residual  Cl  from  the  manufacturing 
process  (2).  This  is  thought  to  be  adsorbed  on  the 
alumina,  thus  producing  anions.  We  suggest  that  the 
net  magnetic  force  on  alumina  particles  may  strip 
adsorbed  Cl  from  the  surface  and  permit  these 
particles  to  deposit  on  the  cathode. 


Mg.  i.  Apparatus  for  codeposition  of  alumina  and 

copper  in  a  magnetic  field.  Tjje  electrodes 
were  insulated  except  for  1  cm  on  the 
bottom  of  each. 


Fig.  2.  Deposit  made  from  electrolyte  containing 
720  ppm  Cl  .  EDS  showed  that  the  angular 
crystals  are  CuCl  and  that  the  spot  opposite 
the  arrow  contains  about  2  at.  percent 
alumina . 
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Abstract  No.  680 


ELECTRODEPOSITION  OF  Ni-Fe  IN  VERY 
HIGH  MAGNETIC  FIELDS 

J.  Dash,  Physics  Department 
Portland  State  University, 

Portland,  OR  97207 
and 

L.  T.  Romankiw,  IBM  Thomas  J.  Watson 
Research  Center,  P.O.  Box  218, 

Yorktown  Heights,  NY  10598 

Ni-Fe  alloys  were  deposited  from  an 
aqueous  electrolyte  of  simple  salts  of 
Ni  and  Fe  and  other  chemicals,  as 
described  in  U.S.  Patent  4,102,756.  The 
cathodes  were  1  cm  diameter  Pt  foils 
attached  to  a  rotating  disc  electrode  in 
a  manner  similar  to  that  described  by 
Horkans  (1).  The  anode  was  a  3  cm 
diameter  Pt  foil  with  Ni  mesh  spotwelded 
to  the  surface  which  faced  the  cathode 
during  plating  experiments.  For  each 
experiment  40  ml  of  fresh  plating  solu¬ 
tion  was  placed  into  a  glass  cell  of  4  cm 
O.D.,  in  which  the  anode  was  on  the  bottom. 
This  cell  was  positioned  on  a  stand  in  a 
5  cm  gap  between  15  cm  diameter  polepieces 
of  an  LDJ  Model  9500  electromagnet.  The 
rotating  disc  electrode  with  attached  Pt 
cathode  was  lowered  into  the  cell  to  a 
position  about  3.5  cm  vertically  above 
the  anode.  With  this  arrangement  it  was 
possible  during  plating  to:  (a)  rotate 
the  cathode,  (b)  apply  a  magnetic  field 
while  rotating  the  cathode,  or  (c)  apply 
a  magnetic  field  to  a  stationary  cathode. 
Experiments  were  performed  (a)  with  the 
cathode  rotating  at  200  RPM  and  no  applied 
magnetic  field,  (b)  with  the  cathode 
rotating  at  200  RPM  and  an  applied  magnetic 
field  of  5kG,  and  (c)  with  a  stationary 
cathode  and  an  applied  magnetic  field  at 
some  fixed  value  up  to  19.6kG.  The 
plating  time  for  each  experiment  was 
30  minutes  with  a  constant  current  of 
4.7  ma.  Plating  was  done  at  room 
temperature  (about  25°C). 

After  plating,  the  deposits  were 
analyzed  for  Ni  and  Fe  by  x-ray  fluorescence 
with  a  Tracor-Northern  Spectrace  5000, 
using  25  kv  incident  x-rays.  The  current 
efficiency  (CE)  was  determined  from  the 
deposit  weight  and  composition.  X-ray 
diffraction  data  were  taken  from  each 
specimen  with  a  Siemens  D-50C  x-ray 
generator  and  diffractometer  which  was 
automated  to  a  computer.  A  Cu  x-ray  tube 
was  operated  at  40  kv  and  30  ma  to  produce 
a  beam  which  was  monochromated  with  a 
graphite  monochromator.  The  data  were 
processed  using  programs  written  by 
A.  Segmuller.  The  morphology  of  the 
deposits  was  examined  with  a  scanning 
electron  microscope  (SEM)  equipped  with 
an  energy  dispersive  spectrometer  (EDS) 
for  microchemical  analysis. 

Differences  in  diffraction  line  widths 
were  evident  from  the  x-ray  data.  In 
order  to  determine  whether  these 
differences  were  caused  by  differences  in 
grain  size  or  by  differences  in  internal 
stress,  the  deposits  were  annealed  for  two 


hours  at  250°C  in  inert  atmosphere.  This 
anneal  relieves  internal  stress  but  does 
not  change  deposit  grain  size.  After  this 
anneal,  the  deposits  were  again  examined 
by  x-ray  diffraction. 

The  full  width  at  half  maximum  (FWHM) 
of  the  Ni-Fe  200  diffraction  line  versus 
atomic  percent  Ni  in  the  deposit  is 
plotted  in  Fig.  1  for  all  of  the  plating 
experimental  conditions,  before  and  after 
the  stress  relief  anneal.  The  FWHM  value 
at  the  tail  of  each  arrow  is  the  result 
before  and  the  value  at  each  arrowhead  is 
after  the  stress  relief  anneal. 

These  data  show  that  a  rotating  cathode 
with  or  without  an  applied  magnetic  field 
gave  relatively  stress-free  deposits  of 
the  highest  Fe  content  and  smallest  crystal 
size.  Dcpvyoits  made  without  cathode 
rotation  but  with  magnetic  fields  applied 
during  plating  have  higher  Ni  content  and 
larger  crystal  size.  The  deposits  plated 
at  5  kG  without  cathode  rotation  had  the 
highest  Ni  content,  the  highest  internal 
stress,  and  crystal  sizes  about  1.5  times 
as  large  as  those  plated  with  cathode 
rotation . 

The  CE  was  about  85%  for  all  deposits. 
The  remainder  of  the  current  produced  H2 . 
Sites  where  H2  polarized  the  cathodes  were 
revealed  by  SEM  and  EDS. 
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Fig.  1.  Full  width  at  half  maximum  of 
200  in  Ni-Fe  alloys  for  various  plating 
conditions.  Values  at  arrow  tails  before 
and  at  arrow  heads  after  annealing. 

Reference:  J.  Horkans,  J.  Electrochem. 

Soc.  128,45  (1981). 
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Abstract  No.  691 

MAGNETIC  FIELD  EFFECT  ON  ELECTRODEPOSITION 
OF  METALS. 

3.P.  CHOPART*,  3.  DOUGLADE*,  P.  FRICOTEAUX* 

C.  GABRIELLI**,  A.  OLIVIER*  and  B.  TRIBOLLET** 
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For  reversible  redox  systems,  an  increase  of  the 
limiting  currents  by  a  magnetic  field  is  now  well  known 
(1-2  and  ref.  therein).  We  have  undertaken  a  study  of 
electrodepositions  of  copper,  zinc  and  nickel  because  such 
systems  allow*  investigations  of  magnetic  field  effects  on 
charge  transfer  so  we  present  there  the  experimental 
results  which  were  obtained  for  the  whole  current-voltage 
cathodic  curves  and  we  discuss  the  influence  of  a  constant 
magnetic  induction  on  both  mass  transport  and  charge 
transfer  for  metallic  electrodeposition. 

Experimental 

At  first,  the  working  electrode  which  is  in  vitreous 
carbon  (O  2  mm)  is  recovered  by  the  studied  metal.  The 
thermostated  cell  is  inserted  into  the  electromagnetic  gap 
(DKl'SCH  E.A.U.  20  G  or  L.M.M.  85)  so  the  constant  and 
continuous,  horizontal  magnetic  induction  lines  are  parallel 
to  the  working  electrode  surface.  Solutions  of  ZnO  ♦  KOH, 
CuSO*  *  H2SO4  and  Watts  baths  are  used  for  Zn,  Cu  and 
\i  deposits.  The  potentiel  ol  the  three  electrodes  cell  is 
controlled  by  means  of  a  conventional  potentiostat 
(SOLAR TRON  1286)  and  measurements  are  carried  on  a 
transfer  function  analyzer  (SOLARTRON  1250)  Fig.I. 

Results 


1°  Mass  transport  :  For  Cu  and  Zn  systems,  the 
experimental  results  show-  an  important  increase  of  the 
limiting  currents  when  magnetic.  fund  B  is  applied  in  close 
agreement  with  the  literature  (1-6)  Fig.  2,3.  Whatever  is 
the  temperature  in  every  rase,  the  limiting  current  is 
proportional  to  IW^.  For  the  copper  system  we  notice  that 
the  higher  the  concentration  of  electroactive  specie  C  and 
the  magnetic  field,  the  better  the  proportion  which  1l 
bears  to 

2°  Tafel  potential  region  •  The  influences  of  a 
magnetic  field  on  deposition  and  dissolution  overvoltages 
in  the  Tafel  potential  region  has  been  very  rarely 
investigated  (6)  although  it  is  cspacially  interesting.  So  we 
study  the  deposition  of  copper  and  nickel  in  the  region 
where  mass  transport  is  not  the  rate  limiting  step.  In  this 
rase,  for  the  same  overpotential  the  current  is  different  in 
presence  and  in  absence  of  magnetic  field.  As  it  is  evident 
on  the  Fig.4  for  the  copper  the  stationnaray  current 
increases  with  the  value  of  the  field.  This  result  is  also 
noticed  with  the  A.C.  impedance  measurements  shown  in 
Nyquist  plot  Fig.5.  Hie  Tafel's  area  is  more  extensive  with 
magnetic  field. 

As  it  has  been  shown  without  magnetic  field  (7),  the 
product  of  the  charge  transfer  resistance  by  the  current  is 
constant  but  does  not  seem  different  with  this  field  Fig.6. 


REFERENCES 

(1)  T.Z.  FAHIDY*  3.  Appl.  Electrochem.,  J_3  (1983),  553 

(2)  A.  OLIVIER,  J.P.  CHOPART,  J.  DOUGLADE  and 
C.  GABRIELLI,  .1.  Eleetroanal.  Chem.,  217  (1987),  4<*3 

(3)  S.  MOHANTA  and  T.Z.  FAHIDY,  Electrochim.  Acta,  21 
(1976),  149 

(4)  R.  AOGAKI,  K.  FUEKI  and  T.  MUKAIBO,  Denki  Kagaku, 
43  (1975),  504 

(5)  A.  OLIVIER  and  T.Z.  FAHIDY,  3.  Appl.  Electrochem.,  12 
(1982),  471 

(O  C.l.  NONINSKI,  V.C.  NONINSKI,  V.I.  TERZIYSKI, 
Extended  abstracts  of  I.S.E.,  2  (1982),  939 

(7)  E.  CHASSAING  and  R.  WIART,  Electrochem.  Acta.  29 
(1984),  649 


Fig.I  Experimental  arrangement  (P)  potentiostat,  (TFA) 
transfer  function  analyzer,  (CE)  counter  electrode, 
(WE)  working  electrode,  (RE)  reference  electrode, 
(pp)  polar  pieces. 
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If  the  results  concerning  the  mass  transport  are  those 
that  waited,  those  concerning  kinetic  processes  must  be 
confirmed  and  explained  by  further  experiments  as  M.H.D. 
impedances. 


Fig. 2  Variation  of  the  limiting  current  versus  the 
magnetic  flux  density  in  the  case  of  CuSO.  in 
H2SOft  1.8  M  k 

I  C  0.5  M  ;  2  C  0.1  M  ;  3  C  0.0  5  M  ; 

4  C  0.01  M 
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Fig-3  Variation  of  the  limiting  current  versus  the 
magnetic  flux  density  in  the  case  of  ZnO  0.5  M  in 
KOH  7M. 


Fig.6  Current  dependence  of  the  product  R  x  i  (transfer 
resistance  x  current)  in  CuSO^  0.5M  in  H^SO^  I.8M 


Fig.4  Current  voltage  curves  plotted  for  various  magnetic 
flux  densities  in  case  of  CuSO,  0.5  M  in  H-SO. 
1.8M.  4  2  4 


Fig.  5  Electrochemical  impedance  in  Nyquist  plot  for 
different  field  at  same  overpotont ie I  (n  130  mV) 
for  CuSO.  0.5  M  in  H-SO.  1.8  M. 
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Electromagnetic  Microhydrodynamics  of 
Aqueous  Electrolytes 

N.Ph. Bondarenko,  E.Z.Gak 
Agrophysical  Research  Institute 
Leningrad,  USSR 

The  modern  hydrodynamics  is  based  on  the 
concept  that  the  medium  is  continuous.  By 
different  estimates  the  linear  dimensions 
of  a  layer  thickness  where  discontinuity 
can  take  place  of  the  medium  rheological, 
electrical  and  magnetic  properties  is  in 
the  range  from  0.1  to  100  m.  It  was  pro¬ 
posed  by  Batchelor  [l  1  to  place  the  fluid 
motion  phenomena  occuring  in  these  layers 
into  the  microhydrodynamics,  as  a  branch 
of  the  hydrodynamics. 

fbr  the  topics  to  be  discussed  at  the 
symposium  of  major  importance  are  the  pro¬ 
blems  relating  to  the  magnetohydrodynamic 
and  magnetohydrostatic  effects  which  take 
place  during  a  simultaneous  action  of  the 
electric  and  magnetic  fields  on  electro¬ 
lytes.  In  this  report  r?me  theoretical  as¬ 
sumptions  and  experimen^«l  work  are  con¬ 
sidered  of  the  phenomena  developing  in 
thin  layers  under  the  action  of  these 
fields.  Prom  our  viewpoint  it  is  for  true 
body  of  similar  phenomena  that  the  term 
" electromagnetic  microhydrodynamic8M  sug¬ 
gested  by  us  can  be  used  [2-3  ]  . 

The  following  phenomena  are  likely  to  be 
included  in  the  area  of  concern  of  this 
branch  of  the  physico-chemical  hydrodyna¬ 
mics:  the  phenomena  observed  in  the  phase 
interface  area  of  the  liquids  flowing  or 
being  filtered  under  the  action  of  the 
electric  or  magnetic  fields;  the  appearance 
of  a  velocity  component  perpendicular  to  a 
wall  during  a  vigorous  dissolution  of  me¬ 
tals;  various  phenomena  in  the  phase  inter¬ 
face  area  (electrolyte-air)  resulting  in 
local  changes  of  the  surface  tension  values 
and  as  a  consequence  causing  instability  of 
an  interface. 

It  should  be  noted  that  a  salient  fea¬ 
ture  of  the  phenomena  entering  into  the 
electromagnetic  microhydrodynamics  area 
manifests  itself  in  a  somewhat  unusual 
energy  redistribution  in  the  system  which 
does  not  contain  ferromagnets ,  that  is,  a 
local  energy  redistribution  in  the  system 
without  its  significant  change  in  the  sta¬ 
tionary  magnetic  fields.  A  microscopic 
nature  of  these  effects  resulting  in  ap¬ 
pearance  of  the  mass  pressures  of  a  macro¬ 
scopic  nature  is  determined  by  the  change 
of  the  ions  pulses  during  their  transla¬ 
tional  transitions  in  magnetic  fields. 

The  presence  of  an  electric  or  some 
other  field  giving  rise  to  a  force  gradient 
just  reveals  this  effect.  In  this  case  a 
macroscopic  parameter  change  occurs,  for 
example,  a  stable  or  a  vortex  fluid  motion, 
a  wave  motion  [2,3,4]  or  in  case  of  the 
geometrically-closed  systems,  the.  change 
of  the  medium  local  temperatures  [5J  • 
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The  Prospects  of  Using  Magnetohydrodynamic 
Effects  in  Electrolytes  to  Control 

Charge  and  Mass  Transfer  Processes 

E.Z.Gak,  E.E* Rokhinson 
Agrophysical  Research  Institute 
Leningrad,  USSR 

The  mass  transfer  processes  in  electro¬ 
lytes  differ  from  the  systems  in  which  a 
charge  sign  of  the  desired  component  is 
not  significant*  In  the  electrolytes  in  the 
electric  and  magnetic  fields  concurrently 
with  a  mass  transfer  a  charge  transfer 
takes  place.  This  feature  of  the  magneto¬ 
hydrodynamic  (MHD)  effects  makes  it  pos¬ 
sible  to  use  them  for  controlling  the  ca¬ 
thodic  and  anodic  electrode  processes.  De¬ 
pending  on  the  initial  parameters  both  an 
electrolysis  intensification  (an  increase 
of  the  lir.*i  current  through  the 
electrolyte)  and  an  absence  of  the  effect 
or  a  considerable  decrease  of  the  current 
density  are  possible  i  1—3  j. 

The  MHD  effects,  similar  to  a  convec¬ 
tive  diffusion,  can  significantly  change 
the  rate  of  a  wide  range  of  the  processes 
depending  on  the  flow  hydrodynamic  charac¬ 
teristics  (electrolysis,  electrodeposition 
of  metals,  cleaning  of  liquids,  .biotechno¬ 
logy  processes  and  many  others  (4-6  J  ).  In 
contrast  to  a  forced  mechanical^convection, 
an  MHD  convection  makes  it  possible  to 
carry  out  a  more  thorough  liquid  mixing 
down  to  the  electrode  and  boundary  layers 
which  usually  remain  unaffected  by  a  mecha¬ 
nical  convection.  It  is  connected  with  the 
fact  that  an  MHD  flow  velocity  is  directly 
proportional  to  an  electric  current  densi¬ 
ty  which  takes  on  the  largest  values  at  a 
phase  interface  and  close  to  the  electro¬ 
des.  During  the  model  tests  in  the  elec¬ 
trochemical  cells  a  critical  MHD  fluid  mo¬ 
tion  was  determined  at  which  the  maximum 
increase  of  a  critical  current  through  the 
electrolyte  is  observed  down  to  a  complete 
removal  of  the  diffusion  limitations.  A 
critical  velocity  V^p  corresponds  to  an 
unstable  motion  mode.  At  V  =  V^p  a  laminar 
motion  changes  to  a  turbulent  motion.  Be¬ 
cause  of  a  direct  connection  between  the 
hydrodynamic,  electric  and  magnetic  pheno¬ 
mena  a  practical  possibility  has  appeared 
of  simulating  both  the  linear  and  nonli¬ 
near  hydrodynamic  motions.  The  use  of  ex¬ 
ternal  magnetic  fields  opens  up  possibili¬ 
ties  of  controlling  a  convective  transfer 
velocity  in  electrolytes,  which  is  used 
when  simulating  hydrodynamic ally  unstable 
processes,  in  the  atmosphere  and  in  the 
ocean  (7  J  • 

In  the  last  few  years  the  prospects 
have  appeared  of  obtaining  the  superhigh 
magnetic  fields  on  the  basis  of  the  super¬ 
conducting  materials  under  normal  condi¬ 
tions.  It  openB  new  ways  in  using  the  MHD 
effects. 

The  use  of  high- intensity  magnetic 
fields  will  make  it  possible  to  control  not 
only  delivery  and  removal  of  the  reagents 
but  also  to  affect  both  the  passage  of 
charges  through  a  phase  interface  and  the 
nature  of  ionic  hydration  and  dehydration 
directly  in  the  boundary  layers. 
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Molecular  Imaging  with  the  Tunneling  and 
Force  Microscopes  -  The  Relation  to 
Electrochemistry 

C.  F.  Quate 

Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  CA  94305 


The  Tunneling  Microscope  used  with  a  conducting 
substrate  and  the  Force  Microscope  used  with  an 
insulating  substrate  provide  us  with  opportunities  for 
studying  atomic  and  molecular  structures  on  solid 
surfaces  and  at  liquid-solid  interfaces.  The  two 
instruments  add  new  dimensions  to  our  ability  to  study 
surfaces  and  interfaces  at  the  atomic  level.  The 
instruments  were  originally  used  for  the  study  of 
electronic  structure  on  well  characterized  surfaces  of 
semiconductors  and  metals  with  and  without 
adsorbates.  More  recently  the  work  has  been  extended 
to  the  study  of  organic  molecules.  These  studies 
include  individual  molecules  deposited  from  liquid 
and  mono-molecular  films  laid  down  with  the  LB  and 
with  self-assembly  techniques.  The  work  also  includes 
the  study  of  long-range  order  at  the  interface  between 
a  solid  and  a  solution  of  liquid  crystal  material.  In 
some  of  the  more  interesting  cases  it  is  possible  to 
manipulate  single  molecules  with  the  intense  electric 
field  between  the  tip  and  the  substrate. 

In  this  talk  we  will  concentrate  on  the  imaging  of 
molecules.  We  will  point  to  the  potential  for  studying 
processes  at  electrode  surface  and  at  the  electrode¬ 
electrolyte  interface.  We  will  review  the  progress  that 
has  been  made  with  molecular  films  with  long-range 
order  and  illustrate  how  these  molecules  might  be 
manipulated  to  achieve  a  desired  result. 
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STM  OBSERVATION  OF  NANOSTRUCTURE  OF  ELECTRODE 
SURFACES 

Kohei  Uosaki  and  Hideaki  Kita 

Department  of  Chemistry,  Faculty  of  Science, 
hokkaido  University,  Sapporo  060,  Japan 

If  one  wishes  to  understand  thouroughly 
the  mechanism  of  chemical  reactions  which 
take  place  at  solid  surfaces,  it  is 
essential  to  know  the  structure  and 
electronic  state  of  the  solid  surface  with 
atomic  resolution.  Most  of  the  techniques 
which  give  information  of  atomic  resoluton 
developed  so  far  can  be  used  only  in  vacuum 
and  no  method  to  observe  the  solid  surface  in 
solution  with  atomic  resolution  is  available. 
Scanning  tunneling  microscopy  (STM)  can, 
however,  revolutionize  the  elect rochemica 1 
research,  since  it  can  provides  atomic 
images  of  solid  surfaces  even  in  solution. 
In  this  study,  STM  was  employed  to 
investigate,  either  in  situ  or  ex  situ,  the 
structure  of  electrode  surfaces  and  to  follow 
the  various  electrochemical  reactions. 

STM  used  in  this  ?  tudy  was  NanoScope  I 
of  Digital  Instruments  with  Pt-Ir  or  W  tip. 
For  the  operation  in  water,  glass  insulated 
Pt-Ir  tip  was  used.  Lateral  resolution  of 
the  STM  system  was  confirmed  by  observing 
atomic  corrugation  of  HOPG. 

Metal  deposition  is  one  of  the  most 
basic  elcctrcchc»i«^i  reacitonr.  and  it  is 
very  important  to  understand  the  mechanism  of 
this  process.  Metal  is  often  deposited  on 
relatively  inert  electrode  to  improve  the 
catalytic  activity.  In  both  cases,  the 
information  of  surface  structure  of  the 
deposited  metal  is  very  useful.  Glassy 
carbon  (Tokai,  GC20)  was  polished  by  AI2O3 
powder  down  to  0.05u  and  sonicated  in  water 
before  it  is  used  as  electrode.  The 
electrochemical  deposition  was  carried  out  in 
a  solution  containing  F^PtClcfSmM)  and 
by  pulsing  the  potential  from  +600 
mV  to  -400  mV  (100  ms)  then  to  +100mV.  The 
amount  of  deposits  was  controlled  by  changing 
the  time  kept  at  +100mV.  Fig.  1  shows  SEM 
and  STM  images  of  Pt/GC  (Pt:  15.1  ug/cmM. 
Pt  particles  of  ca.  30^50  nm  are  seen  in  the 
SEM  and  STM  pictures.  The  closer  look  of  STM 
shows  each  particle  consists  of  smaller 
particles  of  less  than  10  nm.  Thus,  it  is 
proved  that  STM  is  a  very  useful  tool  to 
study  the  metai  apposition  process. 

Other  systems  investigated  include 
structure  of  Au  on  Nation  deposited  either  by 
vacuum  deposition  or  by  electroless  plating, 
in  situ  observation  of  structure  change  of  Au 
electrode  caused  by  potential  cycling  and 
structure  of  etched  and  metal  treated 
sem iconductor  electrodes. 

This  work  was  partially  supported  by 
Japan  Securities  Scholarship  Foundation. 
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Fiq.  1  SEM(a)  and  STM(b,c)  images  of 
Pt/GC.  Pt  :  15.1  i.g/cm*' 
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New  Electrochemical  Scanning 
TunnrUng  Microscope  and  Its  Application 

Kingo  Itaya 

Department  of  Engineering  Science 
Faculty  of  Engineering 
Tohoku  University,  Sendai  980  JAPAN 

Scanning  tunneling  microscopy  (STM)  and 
related  techniques  have  rapidly  been  finding 
enormous  application  fields  for  surface  topo¬ 
graphic  imaging  and  analysis  on  an  atomic 
scale  in  various  environments.  Atomic 
resolution  has  been  achieved  for  samples  in 
ultra-high  vacuum  (UHV),  air  and  even  immersed 
in  aqueous  solutions.  Electrochemically  de¬ 
posited  Au  and  Ag  have  been  investigated  in  an 
electrochemical  cel 1  by  Hansma  et  al.  11,2]. 

However,  the  present  STM  generation  is 
still  based  on  a  two-electrode  cell  arrange¬ 
ment,  where  electron  tunneling  occurs  between 
the  sample  and  the  tip  with  a  tunnel  voltage. 

In  the  most  electrochemical  measurements  with 
a  two-electrode  cell,  the  working  electrode 
must  be  coupled  with  a  reversible  reference 
electrode  in  order  to  maintain  the  potentio- 
static  condition.  Nevertheless,  it  seems  to 
be  very  difficult  to  fulfill  this  condition 
for  STM  with  a  two-electrode  cell  arrangement. 
Instead  of  a  two-electrode  conf igu lat ion ,  a 
three-electrode  cell  has  frequently  been  used 
in  electrochemical  experiments  with  an  instru¬ 
ment  known  as  a  potentiostat . 

We  are  showing  a  new  system  wherein  each 
electrode  (sample  and  tip)  is  independently 
controlled  with  respect  to  a  reference  elec¬ 
trode  potential.  This  system  offers  a  new 
capability  for  complete  in-situ  observat ion  of 
electrode  surfaces  in  electrolyte  solutions 
under  the  potent iostat ic  condi t ion ( 3 ] . 

Figure  1  shows  an  electrochemical  cell  for 
the  four-electrode  conf  igu  lat  ion  .The  el  ect  rode 
potentials  of  the  sample  (WE)  and  the  tip(Tip) 
can  be  simultaneously  controlled  with  respect, 
to  the  reference  electrode  (RE).  The  principle 
of  the  electric  circuit  for  a  four-electrode 
cell  is  already  well  known  and  the  device, 
called  a  bipotentiostat ,  is  used  in  some 
elect rochemica 1  experiments.  The  tunneling 
current  is  sensed  as  a  voltage  across  a  resis¬ 
tor  with  a  PAR  113  preamplifier  whose  output 
is  fed  into  a  z-piezo  feedback  control  ele¬ 
ctronics.  The  tunneling  tip  is  a  glass-covf?red 
Pt  electrode.  Pure  Pt  wire  with  a  diameter  15 
pm  was  directly  sealed  in*o  a  soft  glass 
pipette.  The  electrochemical  background 
current,  not  the  tunneling  current,  was  only 
about  0.1  nA  at  v=5  mV/s  in  a  potential  range 
between  -0.1  and  1.0  V  vs.  SCE  in  a  0.1  M 
H?S04  solution  (  4  ] . 

For  a  demonstrative  experiment,  the  ele¬ 
ctrochemical  deposition  and  dissolution  of  Ag 
have  been  investigated  with  the  new  inst  rument . 
The  deposition  of  Ag  was  carried  out  in  a  0.1 
M  HCIO4  solution  of  5  mM  AgClO^.  Figure  2 
shows  a  cyclic  voltammogram  obtained  on  a  basal 
plane  of  freshly  cleaved  HOPG  electrode.  The 
electrodeposition  and  dissolut ion( str i pping ) 
reactions  are  clearly  observed  at  the  negative 
and  positive  potentials  vs.  Ag/  Ag*. 

Based  on  the  elect rochemica 1  result  shown 
in  Fig.  2,  the  STM  measurements  were  carried 
out  with  the  apparatus  described  above.  The 
electrode  potential  of  the  tip  (Kj),  as  shown 
in  Fig.  2,  was  kept  at  a  constant  value  of  0.1 
V  vs.  Ag/Ag4  for  all  measurements  represented 


here.  From  the  voltammogram,  it  is  reasonable 
to  expect  electrodeposition  of  Ag  to  be  almost 
completely  prevented  on  the  tip  electrode. 

A  in  Fig.  2  shows  an  image  obtained  when  the 
potential  of  the  HOPG(E  )  was  held  at  0.25  V 
vs.  Ag/Ag4.  The  electroaeposi t ion  of  Ag  is 
inhibited  at  this  potential.  It  is  clearly 
seen  that  the  surface  of  the  HOPG  is  perfectly 
flat  at  the  magnification  shown  in  Fig.  2. 

After  taking  the  image  of  A,  the  potential 
of  the  HOPG  electrode  was  scanned  at  10  mV/s 
to  the  negative  direction  and  held  at  -0.1  V. 

B  shows  a  typical  image  obtained  at  the  HOPG 
with  an  Ag  deposit  of  10  mC/cm  .  Note  that  the 
tunneling  tip  was  not  disconnected  from  the  z- 
feedback  loop  during  the  electrodeposition. 
That  is,  the  tip  was  continuously  scanned  over 
the  surface  during  the  deposition. 

It  is  now  possible  to  image  the  electrode 
surfaces  in  complete  xn-situ  observation  under 
the  potentiostatic  condition. 

Immediately  after  the  image  B  in  Fig.  2 
was  observed,  the  potential  of  the  HOPG  was 
scanned  to  the  original  value  of  0.2  V  where 
all  Ag  deposit  was  completely  stripped  off  the 
HOPG  electrode.  Again,  atomically  flat  surface 
appeared,  as  shown  C  in  Fig.  2.  The  tunneling 
tip  was  again  continuously  scanned  over  the 
surface  during  the  dissolution  of  Ag . 

The  above  results  strongly  encourage  us  to 
explore  the  applications  of  t.,is  new  generation 
of  STM  to  the  in-situ  observation  of  electrode 
surfaces  in  electrochemistry. 

The  electrodeposition  of  other  metals  such 
as  Pt,  Zn,  Cu ,  and  N’i  is  now  under  investi¬ 
gations.  STM  studies  of  semiconductor / 1 iqu id 
junctions  are  also  represented  here. 
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Fig. 2.  A  cv  at  a  HOl’C  in  a  0.1  M  IH’lOj  solution 
of  5  mM  Aqri04  at  50  mV/:  and  STM  jm.eies  obt a  1  no  i 
in  Hu?  same  solut  ion.  The  x,  y,  and  s-ntles 
,ire  all  the  same-  as  indicated  be!,  w. 
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STM  images  of  the  Si( 1 1 1 ) - (7x7 ) 
surface  were  obtained  by  Binnig  et  al., 
lemonstrat ing  the  first  look  at  the 
atomic  structure  of  this  surface  under 
UHV  conditions  [1). 

However,  atomic  resolution  of  STM  has 
also  been  achieved  for  samples  in  air  and 
even  immersed  in  aqueous  solutions  [2]. 

It  is  reasonable  to  expect  that  in- 
situ  STM  should  applicable  to  an 
understanding  of  what  happens  on  various 
electrodes  in  liquid  phases  at  the  atomic 
level.  For  this  purpose,  the  electrode 
potential  of  samples  must  be  controlled 
with  respect  to  a  reference  electrode. 

The  apparatus,  we  constructed,  offers 
a  new  capability  for  complete  in-situ 
observation  of  electrode  surfaces  under 
potentiostat ic  condition  (3). 

This  paper  will  report  a  work  of  the 
in-situ  STM  study  of  semiconductor/ liquid 
interfaces.  It  is  well  known  that  a 
semiconductor-liquid  junction  is  a 
similar  to  a  semiconductor-metal  one  so 
called  Schottky  junction,  and  that  the 
valence  band  and  the  conduction  band  are 
bent  downward  or  upward  depending  on  the 
electrochemica 1  potential  of  the 
semiconductor  electrode  (4,5). 

A  va  latior.  of  the  band  bending  leads 
to  a  change  of  the  carrier  density  at  the 
semiconductor  surface.  Therefore,  it  is 
expected  that  a  tunneling  current  may 
change  according  to  the  band  bending  of 
the  semiconductor  surface. 

An  in-situ  STM  consists  of  a  teflon 
cell,  a  piezoelectric  tripod,  a  glass- 
covered  Pt  tip,  a  Ag/AgCl  reference 
electrode  and  a  Pt  counter  electrode. 

The  electrochemical  potentials  of  the 
tunneling  tip  and  the  sample  were 
simultaneously  controlled  with  respect  to 
a  Ag/AgCl  reference  electrode. 

A  single  crystui  n-TiO^fOOl)  was 
examined  as  a  first  example.  The  surface 
was  etched  in  a  concentrated  JMSO.  at 

.(00  c. 

When  the  potentials  of  tip  and  samplf? 
wore  set  at  0  V  and  -1  V  vs.  Ag/AgCl , 
respectively,  the  tunneling  current 
Mowed  very  stably.  5‘TM  image  showed  a 
flat  surface  of  n-Ti<‘  . 

However,  wuen  t no  potential  of  the 
'■on i conduct  or  changed  to  0.4  V  ,  the 
tunnel j no  current  turned  to  be  unstable 
ind  i  enro  l  ic l  hi  <■  ST*'  images  could  not  be 
ob»  a ;  rse  i.  hurt  tier  changes  of  t  tie 


electrode  potential  to  -0.2  V  or  more 
positive  one  caused  an  out  of  control  in 
the  Z-direction. 

The  above  result  suggests  that  the 
tunneling  phenomena  would  depend  on  the 
electrochemical  potentials  of  n-TiO_,  as 
expected,  and  the  critical  point  of 
tunneling  should  be  near  the  flat-band 
potential . 

From  a  Mot t-Schottky  plot,  the  flat- 
band  potential  was  determined  as  -0.25  V 
vs.  Ag/AgCl  in  a  0.1  M  KC1  (pH  4) 
solution. 

The  variation  of  the  tunneling 
current  was  measured,  under  a  potential 
scan  of  the  semiconductor.  The  electrode 
potential  of  n-TiO-  was  scaned  from  -0.5 
V  to  0  V.  The  voltage  applied  to  the  Z- 
piezoelectric  element  was  abruptly 
changed  to  almost  the  full  voltage  when 
the  electrode  potential  of  n-TiO^  reached 
at  about  -0.25  V.  The  observed  cr itica 1 
point  of  the  tunneling  current,  -0.25  V, 
was  consistent  with  the  flat-'  and 
potential  measured  by  the  Mott-Scl  ky 
plot . 

We  have  carried  out  the  same 
experiment  at  different  pH.  The  flat- 
band  potential  and  the  critical  point  of 
the  tunneling  current  were  shifted  by 
about  60  mV/pH  between  pH  1  and  9. 

We  have  also  investigated  various 
semiconductor  electrodes  such  as  p,n-Si  ; 
n-ZnO  and  p,  n-GaAs.  A  similar 
coincidence  between  the  flat-band 
potential  and  the  critical  point  has  been 
observed . 

In  conclusion,  we  obtained,  for  the 
first  time,  the  fact  that  the  tunneling 
currents  were  strongly  dependent  on  the 
electrochemical  potentials  and  the  band 
structures  of  the  semiconductor 
e  lect  rodes . 
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Atomic  scale  imaging  is  perhaps  the  most 
direct  way  in  order  to  gain  an  understanding 
of  the  microscopic  mechanistic  concepts  of 
reactive  processes.  Scanning  Tunneling  Mi¬ 
croscopy  (STM)  provides  an  elegant  and  for 
in-sltu  observations  on  electrode  surfaces 
at  present  the  only  way  to  gain  direct 
structural  information  on  that  scale.  The 
STM  images  of  a  Au ( 1 1 1  )  electrode  under 
potential  control  presented  here  allow  the 
identification  of  atomic  structures  and  of 
their  modification  in  the  course  of  surface 
processes  or  reactions. 

It  had  already  been  demonstrated  that  the 
STM  can  operate  in  liquids  [l],  and  the 
basic  concepts  for  its  application  in  elec¬ 
trochemistry  under  well  defined  potential 
conditions  were  recently  described  Lus- 
tenberger  et  al.  [2].  The  microscope  used 
here  is  a  modified  version  of  a  very  rigid 
"pocket  size"  STM  which  was  demonstrated  to 
achieve  atomic  resolution  on  a  closed  packed 
metal  surface  under  Ultra  High  Vacuum  (UHV) 
conditions  [3].  For  this  work  the  sample  was 
replaced  by  a  little  macor  container  repre¬ 
senting  the  electrochemical  cell,  which 
holds  sample  and  electrolyte.  In  addition  to 
the  classical  three  electrode  setup  the  tip 
acts  as  a  fourth  electrode.  Its  potential  is 
kept  constant  with  respect  to  the  Pd-H  refe¬ 
rence  electrode  and  thus  to  the  potential  of 
the  electrolyte.  The  A  u ( 1 1 1 )  sample  was 
prepared  by  flame  annealing,  further  details 
concerning  the  experiments  can  be  found 
elsewhere  [ ^ ] . 

Part  of  the  flame  annealed  surface  is  cha¬ 
racterized  by  extended  flat  terraces,  which 
are  separated  by  mostly  monoatomic  steps 
(fig.1).  Other  areas  are  more  structured, 
typically  either  in  form  of  continuous 
slopes  including  a  large  number  of  narrow 
terraces  or  by  Irregular  features. 

The  atomically  flat,  extended  terraces  have 
a  size  of  several  hundred  Angstroms  in  ave¬ 
rage,  which  is  at  least  comparable  to  what 
Is  found  for  well  prepared  surfaces  under 
UHV  conditions  and  in  good  agreement  with 
Electron  Microscopy  observations  on  flame 
annealed  surfaces  [5].  The  steps  generally 
follow  low  index  directions;  averaged  over 
several  images  the  threefold  symmetry  of  the 
substrate  is  reflected  also  by  the  step 
orientations.  In  the  STM  image  in  fig.i  the 
two  main  step  directions  form  an  angle 
-120°,  which  can  be  seen  in  a  projection  of 
the  image. 


The  clean  surface  was  found  to  be  stable 
over  prolonged  periods  of  time,  if  the  sam¬ 
ple  potential  was  kept  in  a  range  where  no 
specific  adsorption  occurs.  Comparative 
studies  of  an  adsorbate  covered  surface  or  a 
surface  following  an  adsorption-desorption 
cycle  thus  can,  in  addition  to  identifying 
adsorbates  by  STM,  demonstrate  the  effects 
of  the  above  processes  on  the  substrate 
topography. 

In  the  presence  of  adsorbed  Cl'  additional 
structures  give  the  impression  of  a  more 
"noisy'  image,  as  seen  in  figs.  2b  and  2d. 
These  structures  reversibly  disappear  after 
desorption.  This  observation  was  confirmed 
in  a  number  of  experiments,  the  extra  fea¬ 
tures  thus  must  be  attributed  to  the  ad¬ 
sorbed  Cl"  ions.  Though  on  this  scale  indi¬ 
vidual  adsorbed  ions  cannot  be  resolved,  a 
significant  effect  in  the  STM  scan  origina¬ 
ting  from  a  change  in  the  electronic  charge 
distribution  and  thus  in  the  tunnel  current 
in  front  of  such  an  adatom  is  in  good  agree¬ 
ment  with  theoretical  considerations  | 6 J . 

Subsequent  desorption  recovers  most  of  the 
original  topography  of  the  substrate,  but 
some  distinct  modifications  can  be  detected. 
First  of  all  there  is  an  apparent  smoothe- 
ning  of  the  flat  terraces.  In  fig.  2  e.g.  a 
number  of  little  hillocks,  mostly  on  the 
topmost  terrace,  are  removed  already  by  the 
first  adsorpt ion - desorpt ion  cycle. 

Further  modifications  concentrate  on  steps. 
Their  shape  was  repeatedly  seen  to  vary  in 
the  course  of  such  cycles.  In  fig.  2  this 
effect  can  be  followed  at  the  two  monoatomic 
steps  which  originally  proceeded  almost 
linearly  through  the  imaged  area,  while 
after  two  cycles  they  exhibit  significant 
fine  structure.  Likewise  the  "pond"  at  the 
bottom  of  the  image  is  reduced  in  size  by 
additional  material  at  its  right  hand  side. 

In  consequence  this  and  similar  series  of 
images  indicate  that  already  the  mere  pro¬ 
cess  of  halide  adsorpt i on -desorpt  i on  affects 
the  substrate  itself.  These  processes  must 
cause  an  intermediate  enhancement  in  the 
mobility  of  the  substrate  surface,  resulting 
in  character i st i c  mod i f i ca t i ons  of  the  ter¬ 
race  edges,  i.e.  of  the  atomic  scale  topo¬ 
graphy  of  the  electrode. 
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Fig.1  STM  image  (2730M2730A)  of  a  freshly 
prepared  Au  (17  1)  in  0.05M  H^SOii  at  rest 
potential. 


Fig.  2  STM  image  ( 3000  A*  3000A )  of  a  flame 
treated  Au(  1 1  1  )  electrode  in  0.05  M  i^SOij  ♦ 
5  mM  NaCl.  The  STM  images  were  taken  at 
following  potentials:  (a)  at  250  mV,  (b)  at 
700  mV,  (c)  at  250  mV,  (d)  at  000  mV  and  (e) 
at  250  mV. 
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The  recently  introduced  Scanning  Tunneling 
Microscope  (STM)  (1)  represents  an  important  advance 
in  the  measurement  of  surface  topography  at  the 
nanometer  level.  The  instrument  possesses 
simultaneous  high  horizontal  and  vertical  resolution 
and  furnishes  three  dimensional  real  space  images  of 
the  surfaces  of  solid  conducting  materials,  by 
working  under  vacuum  or  atmospheric  pressure  (2)  or 
liquids  (3). 

In  this  work  we  present  some  STM  topographic 
images  of  electrodes  subject  to  various 
electrochemical  treatments.  The  objective  of  these 
measurements  is  to  gain  insight  towards  a  more 
microscopic  description  of  electrochemical  processes. 

The  electrochemical  treatments  we  have  studied 
are  related  with  modifications  of  the  surface, 
obtained  by  applying  to  the  electrode  a  fast  square 
potential  cycling  in  acid  solution  (4).  Previously 
reported  results  indicate  the  ability  of  STM  to 
obtain  relevant  information  with  superior  detail  ot 
the  processed  electrode  surfaces.  Electrochemical 
facetting  is  characterized  by  the  observation  of  flat 
compact  terraces  surrounded  by  ridge-type  structures 
brought  about  by  atomic  steps  (5).  During  the  initial 
stages  of  this  process,  the  surface  topography 
develops  in  the  form  of  clusters  along  a  preferential 
orientation  yielding  later  to  the  ridge-like 
structures.  This  indicates  a  substantial  increase  in 
the  diffusion  rate  of  metallic  species  in  the 
electrolyte  or  on  the  surface. 

A  substantial  problem  inherent  to  STM  is  its 
limited  scanning  range  {'  1pm).  This  limitation  is 
important  in  this  case  because  of  the  non 
homogeneous  nature  of  the  electrode  surfaces.  !n 
order  to  solve  that  problem  we  have  dev*1 oped  o  STM 
instrument  in  combination  with  a  normal  Scanning 
Electron  Microscope  (SEM)  which  is  able  to  provide 
simultaneously  with  images  by  the  two  microscopes{6) . 

We  have  been  measuring  by  this  new  instrument 
gold  electrodes  which  have  been  anodically  oxidized 
and  subsequently  reduced.  This  results  on  a  higher 
catalytic  activity. 

Previous  STM  results  obtained  on  a  platinum 
electrode  show  that  the  increase  of  activity  cannot 
be  explained  by  an  increase  of  the  real  surface 
area.  This  area  can  be  measured  quantitatively  from 
STM  data  and  the  results  show  that  the  area  increase 
is  not  higher  than  20%.  The  topography  is  in  the  form 
of  a  domed  structure  with  size  100  A  in  diameter  (7). 
These  results  suggest  a  model  which  relates  the 
increase  in  activity  to  the  participation  of  the 
volume  below  the  surface  which  would  be  accessible  to 
the  reactants.  A  simple  calculation  shows  that  if  we 


take  into  account  the  thickness  of  the  reduced 
region  from  voltammetric  data,  the  surface  available 
is  able  to  increase  the  reaction  by  the  measured 
amount. 

The  new  results  obtained  from  STM-SEM 
combination  on  gold  electrodes  allow  for  the  first 
time  to  correlate  the  data  of  both  microscopes.  SEM 
images  corresponding  to  the  activated  electrode  show 
brain-like  channels  covering  the  whole  surface  and 
grains  of  100  A  diameter.  By  changing  the  parameters 
of  the  electrochemical  reaction  we  are  able  to  modify 
the  activity  and  to  correlate  with  the  microstructure 
measured  by  both  microscopes.  From  this  we  can 
definitely  rule  out  the  influence  of  the  brain-like 
channels  in  the  reaction.  We  are  also  able  to  see  the 
superior  detail  of  STM  with  respect  to  SEM.  This  is 
clearly  shown  by  comparing  SEM  images  of  two 
differently  activated  surfaces  which  are  barely 
distinguishable.  STM  data  show  with  great  detail  the 
formation  of  grains  of  100  A  more  characteristic  of 
the  columnar  structure  typical  of  a  deposition 
process  in  the  case  of  a  highly  activated  surface. 
When  the  activity  goes  down,  the  grains  increase  in 
size,  and  the  resulting  surface  of  the  grains 
smoothes  out.  These  results  give  additional  support 
to  our  model  which  suggests  that  the  important 
channels  are  those  which  are  between  the  columns  grown 
during  the  reduction  process. 
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Steps  toward  atomic-resolution  studies  of  metal  surfaces  in 
aqueous  solutions 

Richard  Sonnenfeld*.  Owen  Melroy,  Gurindcr  Singh 
and  Joseph  Gordon  1 1 


IBM  Research  Division,  Almaden  Research  ('enter 
San  Jose.  California  95120-6099 

In  previous  work,  it  has  been  demonstrated  that  scanning 
tunneling  microscopes  (STM's)  can  operate  at  atomic  or 
nanometer  resolution  in  water  and  aqueous  solutions  up  to  a 
concentration  equivalent  to  l  M  NaCI,  1.2.3  ,  yet  the  detailed 
atomic  information  about  metal  surfaces  yielded  by  STM  s  in 
ultra-high  vacuum  environments  4  is  so  far  unrivaled  by 
S  I  M  s  out  of  such  environments.  One  could  hope  ultimately 
to  learn  a  comparable  amount  about  surfaces  treated  by 
electrochemical  techniques  from  an  STM  operating  in  solution. 
A  first  step  toward  atomic-resolution  studies  of  metal  surfaces 
in  aqueous  solutions  is  atomic  resolution  in  air.  We  are  among 
the  groups  to  have  reproduced  the  recent  very  exciting  discov¬ 
ery  by  Hallmark  et  al.  5  that  close-packed,  unreconstructed 
gold  atoms  can  be  imaged  on  a  (III)  gold  surface  in  ambient 
air.  We  sec  a  simple-hexagonal  atomic  structure  with  a 
nearest-neighbor  spacing  which  is  consistent  with  2.8  A  to 
within  |0%.  The  images  arc  considerably  more  difficult  to 
obtain  than  atomic-resolution  images  of  graphite.  Typically, 
uc  arc  required  to  clcctropolish  several  tungsten  tips  in  order 
to  produce  one  that  will  give  the  necessary  resolution,  but  when 
one  is  obtained  it  seems  to  work  almost  immediately.  While  it 
may  yet  be  found  that  freshly  prepared  samples  give  the  best 
results,  we  were  able  to  obtain  atomic  resolution  on  gold  sam¬ 
ples  that  had  been  exposed  to  room  air  for  six  months  after 
fabrication.  This  further  testifies  to  S  I  M's  relative  insensitivity 
to  ambient  contamination. 

To  make  the  substrate.  Grade  V-2  (by  AS  I  M  standards)  green 
mica  is  cleaved  with  a  scalpel  and  1)1  water.  The  freshly 
cleaved  surface  is  held  at  300° (.'  in  a  vacuum  deposition  cham¬ 
ber  for  one  hour  before  thermal  evaporation  of  gold  begins  at 
5  A  sec  to  a  total  thickness  of  250*1  A.  After  deposition,  the 
substrate  is  allowed  to  cool  radiative!)  for  several  hours  to  < 
80  Y  before  venting  to  dry  air.  (These  surfaces  have  been  ana¬ 
lyzed  in  the  past  with  1. 1:1:1)  and  X-ray  diffraction  and  found 
to  be  polcrystallinc  (Ml)  with  grain  sizes  of  order  0.5  mm)  <>  . 

The  large,  atomically  flat  terraces  of  these  substrates  are  also 
excellent  templates  for  local  surface  modification  studies.  By 
applying  2 .X  V  (positive  or  negative)  pulses  to  the  tip.  wc  arc 
able  to  produce  hemispherical  mounds  on  the  surface  with  12 
nm  characteristic  dimension.  I  he  process  is  reproduccable 
enough  that  one  can  write  a  desired  pattern  (e  g.  letters  of  the 
alphabet)  in  a  dot  matrix  form  on  the  substrate.  A  liquid  cov¬ 
ering  the  surface  is  required  for  this  application,  modifications 
do  nm  seem  to  be  possible  in  air  alone.  I  o  date,  wc  hase  used 
perfluorokerosenes  and  pcrfluonnatcd  polycthers.  No  evidence 
of  the  molecules  themselves  has  ever  been  seen.  Wc  have 
produced  these  changes  with  pul«;s  as  short  as  50  /is,  though 
typical  pulse  lengths  arc  1  s. 

Our  SIM  is  a  hybrid  of  the  Digital  Instruments  "Nanoscope" 
and  a  IBM -A  I  driven  data  acquisiiion  and  image-processing 
package  which  interfaces  via  the  Scientific  Solutions 
I  abmastcr  '  7  .  We  have  integrated  it  with  a  three-electrode 
electrochemical  cell  of  novel  design.  A  20  /un  layer  of 
electrolyte  in  the  cell  is  trapped  between  the  sample  and  a  thin 
pohethylene  film.  I  he  polyethylene  film  is  punctured  by  the 


tip  on  advance,  thus  providing  a  sealed  electrochemical  cell. 
We  hope  to  be  able  to  obtain  atomic-resolution  gold  images  in 
this  cell,  and  thus  to  advance  a  second  step  toward  meaningful 
electrochemical  studies  on  gold  Mill. 
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Scanning  Tunneling  Microscopy  of 
Vapor-Deposited  and  Electrodeposited 
Metals 

Christopher  E.  D.  Chtdsey 

AT&T  Bell  Laboratories 
Murray  Hill,  New  Jersey  07974 

The  STM  provides  a  new  degree  of  resolution  and 
simplicity  in  the  study  of  metal  deposition  processes.  Such 
features  as  monatomic  atcpc,  dislocations,  grain 
boundaries  and  grain  topographies  can  be  mapped  at  the 
growth  surface  without  extensive  sample  preparation. 
This  capability  to  examine  surface  morphology  and  the 
opportunities  it  provides  to  understand  film  growth  will  be 
illustrated  with  the  classic  epitaxial  system  of  gold  on 
mica  [l].  Work  in  progress  to  extend  high  resolution  STM 
to  the  electrodeposition  of  silver  on  gold  will  also  be 
presented. 

Gold  vapor-deposited  on  mica  near  room  temperature 
consists  of  {lll}-oriented  crystallites  about  500A  across 
with  rounded  tops  and  random  in>plane  orientations.  As 
the  deposition  temperature  is  increased,  the  crystallite  size 
increases.  The  crystallites  also  develop  flat  tops  with 
widely  spaced  monatomic  steps  and  occasional  screw 
dislocations.  At  these  higher  temperatures,  the 
orientation  of  the  crystallites  becomes  epitaxial  with  the 
mica.  An  understanding  of  the  roles  of  nucleation  density 
and  surface  diffusion  in  film  growth  allows  control  of  the 
surface  structure.  For  instance,  the  formation  of  many 
small  nuclei  at  low  temperature  followed  by  deposition  of 
the  majority  of  the  film  at  high  temperature  leads  to 
surfaces  free  of  large  topographic  features  and  flat  to  tens 
of  angstroms  over  microns.  In  contrast,  deposition  of  gold 
on  a  thin  silver  underlayer  on  mica  using  the  same 
thermal  treatment  results  in  large  gold  crystallites  with 
pronounced  grooves  between  them.  The  lower  density  of 
crystallites  is  ascribed  to  the  higher  mobility  of  silver  than 
gold  in  the  initial  stage  of  film  growth. 

1.  C.  E.  D.  Chidsey,  D.  N.  Loiacono,  T.  Sleator  and  S. 
Nakahara  Surface  Science  (in  press). 
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Surface  Modification  and  Spectroscopy  with 
the  Scanning  Tunneling  Microscope 

Alex  de  Lozanne 
Department  of  Physics 
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Austin,  Texas  78712 

1.  INTRODUCTION 

We  review  two  of  our  recent  developments  in 
scanning  tunneling  microscopy  (STM) .  The 
first  is  the  direct  writing  of  nanometer 
features  with  the  STM.  A  second  recent 
development  is  our  use  of  a  unique  low- 
temperature  STM  to  perform  spectroscopic 
measurements  of  the  new  oxide 
superconductors . 

2.  DIRECT  WRITING  OP  NANOMETER  STRUCTURES 
Direct  writing  is  the  generation  of  patterns 
on  a  substrate  without  the  need  for  any 
further  process  steps.  We  have  recently 
developed  a  direct  writing  process  capable  of 
making  nanometer  features  with  the  STM[l). 
We  allow  organometallic  gases  into  a 
dedicated  STM  chamber  and  use  the  electron 
current  between  tip  and  sample  to  break  the 
organometallic  molecules  and  deposit  the 
appropriate  metal.  So  far  we  have  written 
cadmium  dots  and  lines  with  sizes  down  to  400 
angstroms. 

The  STM  used  in  this  experiment  is  of 
fairly  standard  design,  with  a  scanner 
capable  of  moving  up  to  10  microns.  The 
organometallic  gas  is  fed  into  the  chamber 
with  a  nozzle  that  points  at  the  substrate. 
So  far  we  have  used  mostly  dymethyl cadmium  as 
the  source  gas.  Some  of  the  deposits  have 
been  characterized  with  Auger  spectroscopy, 
which  shows  mostly  cadmium  and  carbon.  A 
typical  writing  procedure  is  to  image  the 
surface  at  a  low  voltage  (tens  of  mV)  to  make 
sure  that  the  surface  is  flat,  bring  the  tip 
to  the  desired  location  on  the  surface, 
increase  the  voltage  to  a  few  volts  (which 
breaks  the  organometallic  molecules) ,  and 
image  the  surface  again.  The  smallest 
dimension  of  the  dots  and  lines  that  we  have 
written  thus  far  is  about  400  angstroms, 
which  is  already  one  order  of  magnitude 
smaller  than  the  smallest  features  that  can 
be  made  by  laser  photodeposi>-.ion. 

We  are  currently  studying  the  physical 
mechanisms  responsible  for  this  process  and 
attempting  to  write  smaller  features  and 
complex  patterns. 

3.  HIGH  Tc  SUPERCONDUCTORS 

The  recent  discoveries  by  Bednorz  and 
Muller [2]  of  superconductivity  in  the  30K 
range  and  by  Wu  et  al.[3]  in  the  90K  range 
have  generated  a  tremendous  interest  because 
of  their  scientific  and  technological 
importance.  we  have  performed  spectroscopic 
measurements  on  both  classes  of  materials 
with  a  newly  developed  STM.  This  instrument 
operates  at  low  temperature  in  an  ultra -high- 
vacuum  chamber  and  has  a  number  of  unique 
capabilities: 

*  Temperature  range:  10K  to  400K 

*  Topographic  imaging  and  I-V  spectroscopy 

*  In-situ  Auger  analysis 

*  In-situ  LEED 

*  In-situ  ion  milling,  annealing  and 
thermal  evaporation 

*  Load-lock  exchange  of  samples  and  tips 


The  last  feature  is  very  important  in  this 
experiment  since  it  has  allowed  us  to  measure 
a  large  number  of  combinations  of  tips  and 
samples  in  a  short  time.  The  spectroscopic 
measurements  of  a  La,  gcSr0  i5Cu04_y  bulk 
sample  with  a  tungsten  tip[4]  snow  a  gap-like 
structure  with  a  value  of  approximately 
A=12mV.  The  superconducting  transition 

temperature,  Tp,  was  measured  resist ively  on 
a  sample  from  the  same  batch,  giving  an  onset 
of  40K,  a  midpoint  of  38. 5K  and  a  width  (10%- 
90%)  of  1. IK.  Therefore  the  ratio  2A/kTc=7 
is  twice  as  large  as  the  BCS  prediction. 

We  have  taken  similar  spectroscopic  data 
for  YBa2Cu307_y  samples  and  a  wide  variety  of 
tip  materials (3 ] .  We  find  that  the  softest 
tips,  made  of  indium  or  aluminum,  give  the 
best  spectroscopic  data.  The  most  common 
value  of  2A/kT_  for  this  material  is 
approximately  II,  with  values  even  twice  as 
large  sometimes  observed. 

One  must  ask  whether  these  large  gaps 
are  real  and  whether  they  are  related  to 
superconductivity.  The  experimental  setup 
has  been  calibrated  with  resistors  to  check 
the  voltage  scale.  Furthermore,  we  do  not 
believe  that  there  is  a  series  voltage  drop 
anywhere  because  this  would  reduce  the  peak- 
to-valley  ratios  in  the  curves.  A  strong 
possibility  is  that  at  least  some  of  the  data 
may  be  explained  by  assuming  that  the 
tunneling  involves  a  small  particle,  and  that 
the  structure  we  observe  is  due  to  the 
charging  energy  of  this  particle.  This  model 
has  been  used  recently  by  Barner  and 
Ruggiero(6]  to  explain  the  behavior  of  a 
macroscopic  tunnel  junction  with  particles 
deposited  in  the  barrier.  One  last 

possibility  is  that  the  large  gaps  are  due  to 
the  addition  of  several  junctions  in  series. 
These  junctions  may  be  inside  the  material 
due  to  its  granular  and  twinned  structure. 
Finally  it  should  be  pointed  out  that  given 
the  current  state  of  the  theoretical 
understanding  of  these  materials,  the  BCS 
value  for  2A/kTc  need  not  be  appropriate. 
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The  University  of  Texas 
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We  have  examined  with  the  STM  different  types  of 
platinum  electrodes  (polycrystalline  foil,  single  crystal,  and 
sputtered  Pt  on  mica)  in  aqueous  1  M  solutions  of  H2SO4. 
Brief  cycling  of  the  electrode  potential  between  the  hydrogen 
and  oxygen  evolution  regions  improved  the  STM  image  by 
cleaning  the  electrode  surface.  More  extensive  cycling  leads  to 
a  roughening  of  the  electrode  surface.  We  have  also  been  able 
to  take  the  topographic  images  of  electrode  surfaces  while  the 
electrodes  are  biased  at  potentials  where  no  appreciable 
steady-state  faradaic  current  is  observed. 

We  have  also  investigated  the  initial  stages  of 
electropolymerization  of  an  electronically  conductive  polymer 
(polypyrrole)  in  acetonitrile.  The  STM  images  obtained  after 
electrodeposition  of  ca.  1.0  mC/cm2  show  a  well-defined  film 
on  mica,  suggesting  a  nucleation  and  growth  mechanism. 
Changes  in  topography  with  progressive  electrodeposition  will 
be  deomonstrated. 

The  corrosion  of  stainless  steel  (S.S.  304L)  samples  in 
aqueous  chloride  media  was  also  monitored  by  STM.  In  air  the 
surface  of  a  well-polished  sample  (except  for  freshly  polished 
ones)  could  not  be  imaged  very  well,  perhaps  because  of  the 
presence  of  an  insulating  oxide  layer.  The  introduction  of  an 
aqueous  chloride  solution  into  the  electrochemical  cell,  in 
which  the  tip  and  the  substrate  are  immersed,  allowed  imaging 
of  the  surface,  perhaps  because  the  oxide  layer  was  removed. 
With  this  technique  we  could  continuously  monitor  surface 
corrosion  for  a  few  days.  The  effect  of  pH,  the  concentration  of 
inhibitor,  and  polarization  potential  on  corrosion  will  be 
discussed. 

An  additional  area  of  investigation  has  utilized  the  STM 
to  monitor  the  in  situ  oxidation  of  pyrolytic  graphite.  Freshly 
cleaved  highly  oriented  pyroltyic  graphite  under  0.1  M  H2SO4 
at  0.25  V  vs.  AqQRE  exhibits  large,  atomically  flat  areas  which 
are  stable  for  several  hours.  High  resolution  images  obtained 
under  these  conditions  reveal  the  characteristic  graphite  ring 
structure.  After  cycling  to  1.8  V  vs.  AgQRE  to  initiate  the 
oxidation  process,  STM  images  show  depressions  of  less  than 
50  A2  in  area,  where  the  surface  appears  broken  up  and  no 
atomic  structure  is  discernable.  surrounded  by  large  areas 
retaining  the  atomic  scale  flatness  and  resolution.  These 
depressions  may  originate  at  fault  boundaries  in  the  graphite 


surface.  Simultaneous  barrier  height  measurements  obtained 
by  modulating  the  tip-sample  distance  (0.5  A  at  15  kHz)  show 
decreased  barrier  heignts  in  these  regions  consistent  with  the 
formation  of  a  graphitic  oxide  layer  growing  into  the  bulk. 
With  additional  cycling  to  1.8  V,  the  rough  broken-up  regions 
increase  in  area  and  grow  together,  and  STM  images  reveal 
strips  of  atomically  flat  regions  surrounded  by  the  breakdown 
zone,  which  now  grows  rougher  and  exhibits  large  peaks  and 
valleys.  Finally,  extensive  electrochemical  cycling  completely 
eliminates  the  flat  regions  and  leaves  large  rough  regions 
exhibiting  corrugations  several  hundred  angstroms  in 
magnitude. 
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The  scanning  tunneling  microscope  (STM)  [1,2]  has  proven  to  be  a 
powerful  tool  for  the  study  of  surfaces.  To  date,  most  applications 
have  been  concerned  with  the  study  of  clean  surfaces  in  UHV 
chambers  with  relatively  few  reports  of  studies  of  contaminated 
surfaces  and  investigations  under  liquids,  or  in  air  [3]. 

Research  in  this  laboratory  has  recently  led  to  the  development  of  a 
method  for  the  high  resolution  deposition  of  metals  in  thin  ionically 
conducting  polymer  films  in  the  absence  of  any  liquid  electrolyte 
solution  [4],  This  technique  involves  the  use  of  a  substrate  material 
made  by  spin  coating  thin  ionic  conducting  polymer  films  on  the 
surface  of  a  metal.  The  metal  ion  to  be  deposited  is  then  incorporated 
into  the  polymer  film  by  soaking  in  the  appropriate  solution.  A 
metal  tip  electrode  is  brought  into  contact  with  the  surface  of  the 
polymer  film  using  the  scanning  electrochemical  microscope  (similar 
to  the  STM)  which  maintains  a  constant  faradaic  current  between  the 
substrate  and  tip  (Figure  1).  By  applying  a  negative  potential 
between  tip  and  substrate,  the  faradaic  processes  result  in  deposition 
of  the  metal  D  at  the  tip/polymer  interface, 

Dn+  +  ne'  — ►  D, 

and,  at  the  same  time,  localized  etching  of  the  metal  substrate  surface 
M  -*■  Mn+  +  ne-. 

Predefined  pattern,  deposition  and  etching  structures,  can  be 
obtained  by  controlling  the  x  and  y  movements  of  the  sample  with  a 
computer. 

Work  to  date  has  resulted  in  high  resolution  deposition  and  etching 
coated  Nafion  (5]  or  poly(4-vinylpyridine)  (PVP)  as  the  ionically 
conducting  films  spin  coated  on  copper,  silver  or  gold.  The  films 
were  soaked  in  solutions  containing  either  copper,  silver,  gold  or 
methyl  viologen  ions.  Electrochemically  etched  platinum,  platinum- 
iridium  alloy  and  tungsten  wire  served  as  tip  materials. 

For  all  experiments,  bias  voltages  from  50  mV  and  upward  could  be 
applied  between  sample  and  metal  tip.  At  lower  bias  voltages  the  tip 
penetrates  the  conducting  polymer  film  and  only  scratched  lines 
resulted. 

The  thickness  of  the  deposited  and  etched  structures  were  strongly 
affected  by  the  tip  shape,  set  current,  bias  potential  and  speed  that 
the  tip  is  scanned  over  the  surface.  Lines  thinner  than  1  pm  can 
only  be  obtained  with  very  sharp  needle  like  tips.  The  thickness  of 
the  lines  depends  on  the  number  of  coulombs  past  per  unit  distance 
of  tip  movement.  This  is  a  function  of  both  the  set  current  and  the  tip 
scan  rate.  Scan  rates  of  up  to  1  pm/s  can  be  used,  this  limit  being  set 
by  the  speed  of  the  STM  feedback  loop. 

Several  examples  of  structures  produced  by  these  techniques  will  be 
presented,  and  extensions  of  the  method  to  other  materials 
described. 
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STM  (mages  of  Organic  Adsorbates 


J.F..  Frommcr  and  J.S.  Foster 

IBM  Research  Division,  Almadcn  Research  Center 

650  Harry  Road,  San  Jose,  California  95/20  I  SA 

In  this  study,  individual  organic  molecules  in  a  liquid  crystal  array  on  a 
graphite  surface  have  been  imaged  with  the  Scanning  Tunneling 
Microscope  with  near-atomic  resolution.  Two-dimensional  order  has  been 
identified  in  4-n-octyt-4'-cyanohiphenyl  (Mil)  and  compared  to  literature 
models  which  are  largely  based  on  x-ray  data  from  the  bulk  smectic  phase 
The  graphite  substrate  appears  to  influence  the  molecules  in  two  ways:  1) 
the  molecular  axes  lie  parallel  to  the  surface  so  that  the  STM  images  a 
cross-section  of  the  classical  smectic  planes:  and  2)  molecules  of  one  plane 
are  registered  with  those  of  adjacent  planes,  a  degree  of  order  which  is  not 
normally  observed  in  the  bulk  The  interplanar  smectic  distances  observed 
with  the  STM  at  the  surface  of  the  graphite  are  similar  to  those  reported 
in  the  literature  for  the  bulk. 

I  he  samples  are  prepared  by  cleaving  graphite  (Highly  Oriented  Pyrolytic 
Graphite)  and  immediately  applying  a  drop  of  the  liquid  crystal  to  the 
fresh  surface1.  The  tunneling  tip  is  then  immersed  into  the  drop  and 
mechanically  guided  to  the  graphite  surface.  To  assure  that  no  tip  or 
graphite  damage  occurs  by  contact  between  the  two.  the  final  approach  in 
the  surface  is  performed  electrically,  with  a  feedback  loop  moni'omg 
tunneling  current  as  the  tip  comes  within  several  angstroms  of  the  vi.lacr 
A  quantitative  measure  of  this  final  distance  is  not  made;  however,  it  is 
estimated  from  the  magnitude  of  the  tunneling  current  to  l»c  on  the  order 
of  IDA.  This  corresponds  to  one  to  four  monolayers  from  the  graphite 
surface.  Images  arc  collected  under  tunneling  conditions  of  a  tip-lo-samplc 
bias  of  -0.5  to  -0.7V  and  a  tunneling  current  of  0.2  to  0.5nA.  AH  sample 
manipulation  and  scanning  is  performed  in  air. 

figure  1  depicts  the  ordering  of  8CR  molecules  on  graphite  as  imaged  in 
the  SIM  The  bright  stripes,  interpreted  as  cross-sections  of 
planes,  are  20A  wide  and  spaced  !4A  apart  lor  a  r-pcat  distance  ol  -  i.\ 

A  single  molecular  length  in  an  extended  (linear)  chain  conformation  is 
22A,  since  somr  angle  between  the  hiphcnvl  and  alkyl  moieties  is  rxpecicd 
the  observed  20 A  dimension  is  consistent  with  a  single  molecular  length 
The  34, \  repeat  distance  is  slightly  larger  than  the  29-32A  reported  in  the 
literature  for  the  d- spacing  of  Mil's  bulk  smectic*  The  discrepancy  could 
arise  from  an  ordering  cfTcct  of  graphite  or  simply  from  experimental  error 
I  ho  distance  between  adjacent  molecular  axes  is  5A  The  periodic 
hole-like'  features  which  appear  even-  fourth  molecule  arc  puzzling;  no 
previous  literature  cites  their  existence,  so  they  too  might  arise  from 
surfacc-adsorbalc  forces.  This  rationale  is  supported  by  the  long-range 
ordering  of  holc-likc  features  in  two  dimensions,  i  e..  between  planes  as 
well  finally,  the  I4A  dark  stripe  could  be  interpreted  as  the  spacing 
between  smectic  layer  cross-sections  as  dictated  by  registration  with  planes 
below  and  above  the  imaged  plane.  Although  the  20A  dimension  of  the 
bright  stripe  corresponds  to  the  length  of  a  single  molecule,  an  alternative 
explanation  for  the  20  and  I4A  spacings  is  that  the  bright  20A  area  is 
comprised  of  two  cyanobiphcnyl  moieties  meeting  hcad-lo-hcad,  and  the 
dark  I4A  area  is  comprised  of  two  alkyl  moieties  slightly  overlapping 
tail-to-tail. 

During  the  course  of  these  experiments  several  structures  have  been  seen 
f  igure  2  presents  a  second  example  of  observed  order  in  Mil.  I  ong-rangc 
order  is  evident  in  the  interplanar  spacing  and  is  the  same  as  that  in  figure 
I  (within  experimental  error)  The  cross-sections  of  the  planes  (bright 
stripes)  arc  now  bisected  by  a  dark  channel  narrower  than  the  dark  areas 
which  separate  the  bright  stripes  Ihc  molecular  axes  comprising  cadi 
stripe,  visible  at  higher  magnification,  are  spacer!  approximately  JA  apart 
from  from  each  other  A  third  apparent  periodicity  wcurx  every  eighth 
molecular  axis  and  appears  as  a  saw-tooth'  structure  This  saw  tooth 
pattern  is  commensurate  between  planes  as  are  the  holc-likc  features  of 
figure  I  Both  features  might  arise  from  incommensurate  packing  Ivtueen 
the  graphde  lattice  and  the  liquid  crystal  lattice,  the  release  of  strain 
occurring  at  the  periodic  intervals  of  tlu-sc  features. 

In  related  studies,  we  have  been  able  to  successfully  image  several  othn 
liquid  crystals  Work  is  alv>  in  progress  to  study  ihr*  liquid  crystals 
thermal  transitions  as  they  occur  on  the  graphite  surface 
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fig  1)  STM  image  of  M'R  on  graphite.  1  he  scale  is  75  X  75. \ 


fig  2)  S  I  M  image  of  8(11  on  craphite  fhc  scale  is  21 5  \  21  V\ 
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SCANNING  TUNNELING  MICROSCOPY  OF  TITANIUM  IN 
AIR  AND  WATER. 


L.  D.  McCormick,  J.  and  D.  Scientific,  Inc., 
Annapolis,  MD  21401,  T.  Thundat,  L.  Nagahara, 
and  S.  M.  Lindsay,  Arizona  State  University, 
Tempe,  AZ  85287. 

Scanning  Tunneling  Microscopy  (STM)  has 
demonstrated  the  ability  to  image  numerous 
surfaces  in  several  media,  e.g.  vacuum,  oil, 
water,  solution,  and  air.  The  capability  of 
imaging  in  liquids  is  of  significant 
importance  in  the  study  of  electrochemical 
processes,  e.g.  corrosion,  electrodeposition, 
and  etching.  This  report  describes 
preliminary  research  whose  goal  i6  to 
demonstrate  the  usefulness  of  the  STM 
technique  in  the  study  of  technologically 
important  surfaces.  Subsequent  research 
efforts  will  be  directed  at  studying  these 
surfaces  under  controlled  electrochemical 
conditions . 

Titanium  foil  was  first  cleaned  with 
acetone  and  etched  with  hydrochloric  and  then 
nitric  acid.  This  preparation  produced  an 
optically  smooth,  shiny  surface.  Tips  for  use 
in  water  were  coated  with  epoxy  to  limit 
leakage  current.  For  both  air  and  water 
imaging  the  tips  were  platinum-iridium. 

Images  were  obtained  with  STM  tip  biases 
between  -100  mV  and  -800  mV.  (Previous  STM 
results  on  aluminum  required  the  use  of  much 
higher  magnitude  tip  biases  in  order  to  not 
disrupt  the  surface  during  imaging. )  As  can 
be  seen  in  Figure  1  the  STM  images  of  the 
surfaces  were  often  flat  over  tens  of 
nanometers.  It  was  also  possible  to  observe 
features  that  may  be  surface  steps  such  as 
those  that  appear  to  run  from  the  upper  right 
to  the  lower  left  in  Figure  1.  The  fact  that 
Ti  is  much  easier  to  image  and  that  it  may  be 
imaged  at  a  lower  tip  bias  probably  indicates 
that  the  oxide  film  on  Ti  is  much  thinner 
and/or  less  protective  than  the  Al  oxide 
film. 


FIGURE  1 

STM  image  of  Ti  in  water.  Tip  bias 
-250  mV.  Tunneling  current  1  nA. 
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MOLECULAR  RULERS  AND  THE  USE  OF 
SCANNING  TRANSMISSION  ELECTRON  MICROSCOPY 


Larry  L.  Miller  and  Frederic  R.  Furuya 


University  of  Minnesota 
Department  of  Chemistry 
Minneapolis,  MN  5M55 


The  successful  thrust  to  make  small  electrodes  and  the 
recent  advances  in  studying  surfaces  at  high  resolution  has  led 
to  a  number  of  exciting  new  experiments  and  experimental 
insights.  Our  interest  is  in  molecular  electronics,  and  our 
work  connects  to  these  two  topics  conceptually  and  perhaps 
experimentally.  Thus,  we  are  synthesizing  "molecular  lines," 
rigid-rod  molecules  up  to  75  A  long,  whose  dimensions 
approach  the  dimensions  of  the  smallest  electrodes.  These 
molecules  can  also  provide  experimental  tests  for  high 
resolution  analyses. 

It  was  our  goal  in  the  present  investigation  to  develop  a 
method  for  imaging  individual  molecules  on  a  surface.  More 
specifically,  it  was  desired  to  measure  the  length  of  molecular 
lines  synthesized  on  and  attached  to  a  surface.  Of  the 
available  methods  (STM,  AFM,  and  SEM)  only  transmission 
electron  microscopy  had  been  developed  sufficiently  that  it 
could  be  applied  to  solve  this  problem.  In  TEM  or  STEM 
(scanning  transmission  election  microscopy)  the  resolution 
can  be  as  high  as  2  A.  Organic  and  most  small  biological 
molecules  are  essentially  transparent  in  TEM,  but  distances 
between  molecular  sites  can  in  principle  be  measured  by 
attachment  of  electron-dense  clusters  to  those  sites.  The 
present  test  utilized  a  sufficiently  long  and  rigid  organic 
spacer  with  specifically  attached  lr4(CO)n  labels  and  took 
advantage  of  the  capabilities  of  STEM  for  high  resolution 
measurements  on  molecular  materials. 

F;T.»N\  (lr4(CO)nl)'  (1),  prepared  from  commercial 
Ir.dCO)i2,  was  employed  to  demonstrate  the  utility  of  tetra- 
iridium  clusters.  Using  a  STEM  operating  at  40  kV,  samples 
were  subjected  to  a  cumulative  electron  dose  ranging  from  5  x 
11V'  to  4  x  10^  e./nm2.  Specimen  temperature  was  -v15*  C 
during  imaging.  The  sample  was  prepared  by  dcj>osition  from 
I0'6  M  aqueous  solution  onto  25  A  carbon  films.  The  dark 
field  images  showed  bright,  spots  -  6  A  in  diameter.  Mino- 
graphs  were  also  obtained  of  rigid  molecules  that  had  been 
cluster  labelled  on  both  ends.  For  this  purpose,  we  used 
synthetic  methods  that  we  had  previously  dcvelopixl  for  the 
preparation  of  long,  yet  soluble,  molecular  lines.  The 
ic^ultir.g  compound  1  had  a  rigid,  linear  spacer  of  28  A  and 
flexible  COCHiClh  connectors.  As  anticipated,  STEM 
micrographs  showed  paired  G  A  spots  corresponding  to 
individual  molecules  of  1.  The  separations  between  twenty 

pairs  were  20-37  A  (x  =  27  ±  4  A).  'This  range  covers 
virtually  all  of  the  conformations  available  to  the  flexible 
connectors  and  shows  that  individual  molecules  adopt  a 
variety  of  conformations  on  the  surfare. 


ft1'  , 
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Other  hi  s-c  luster  compounds  have  been  investigated,  as 
well  as  duster -labelled  surface-bound  Urn's.  The  micrographs 
show  pairs  of  spots  within  the  length  range  Pxjircted  from 
molecular  models.  The  effects  of  conformation  and  surface 
orientation  can  lie  discerned. 
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Characterization  of  Surfaces  by  Surface  Forces, 
Scanning  Tunneling  and  Atomic  Force  Microscopy 

D.F.  Evans,  R.  Yang,  G.  Lee,  R.  Matthews 
Department  of  Chemical  Engineering  and  Materials  Science 
University  of  Minnesota 
Minneapolis,  MN  55455 

W.  Hendrickson 
3M  Corporation 
St.  Paul,  MN  55104 


Recent  developments  in  near  field  techniques,  particularly 
scanning  tunneling  microscopy  (STM)  and  atomic  force 
microscopy  (AFM),  provides  detailed  molecular  information  on 
the  structure  of  thin  Films  and  molecular  adsorbates.  Surface 
forces  apparatus  measurements  permit  the  determination  of  »!.e 
colloidal  interactions  force  as  a  function  of  distance  (resolution  + 
0.1  nm)  of  thin  molecular  films  adsorbed  on  mica,  but  the 
structure  of  the  molecular  film  is  often  assumed  not  directly 
characterized.  In  this  paper  we  present  (1)  surface  force 
measurements  on  conducting  and  non-conducting  surfaces 
characterized  by  STM  and  AFM  measurements  and  (2)  STM  and 
AFM  measurements  on  several  inorganic  composite  membranes 
such  as  those  shown  below. 


Figure  1.  An  STM  image  of  the  same  regions  of  Ag2S:CuS 
membrane  surface.  The  membrane  sample  is  formed  under  a 
pressure  of  20,000  lb/in2.  (a)  0.6  x  0.6  pm,  (b)  660  x  660A 
The  tunneling  current  is  equal  to  1.8  nA  and  bias  is  equal  to  24 
mv  in  both  pictures.  Several  holes  are  revealed  on  the 
membrane  surface. 
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MULTIPLE-BEAM  INTERFEROMETRY  AND  THE  STUDY 
OF  SILVER  FILMS  IN'  A  SURFACE  FORCE  APPARATUS 
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John  L.  Parker 

Department  of  Applied  Mathematics,  Research  School 
of  Physical  Sciences,  Australian  National  University, 
CPO  Box  4,  Canberra,  ACT,  2601  AUSTRALIA 


The  surface  force  apparatus  (1)  is  a  versatile 
tool  for  investigating  the  properties  of  thin  films 
of  liquid  or  gas  confined  between  solid  surfaces. 
Early  applications  were  centered  around  the  direct 
measurement  of  surface  forces  between  mica  surfaces. 
Recently,  considerable  interest  has  been  focussed  on 
the  study  of  properties  such  as  adhesion  (2), 
viscosity  (3),  friction  (4),  phase  transitions  in 
thin  films  (5),  etc.  It  has  also  been  shown  that 
it  is  possible  to  use  a  number  of  different  surfaces, 
either  by  retaining  the  mica  as  a  substrate  (6)  or 
by  using  a  completely  different  material  such  as 
synthetic  sapphire  (7).  In  particular,  it  is 
possible  to  deposit  thin  metal  films  on  a  mica 
substrate,  measure  surface  forces  (8)  and  also  use 
the  surfaces  as  model  electrodes  (9). 

We  here  present  some  results  of  initial  investi¬ 
gations  of  thin  films  of  silver  on  mica.  We  have 
used  two  different  methods  of  preparing  the  films; 
either  direct  evaporation  or  a  new  method  based  on 
fusing  two  evaporated  films  (10).  The  films  have 
been  characterised  by  conductance  measurements  and 
optical  methods. 

With  the  surface  force  apparatus  multiple-heam 
Interferometry  is  used  to  measure  the  surface  separ¬ 
ation.  The  interferometry  equations  giving  the 
wavelengths  of  transmitted  light  as  a  function  of 
separation  are  modified  considerably  by  the  presence 
of  metal  films.  The  system  cannot  be  treated  as  a 
simple  five-layer  interferometer  (11).  We  have 
solved  the  equations  in  the  general  case,  using  the 
complex  refractive  indices  of  the  metal  films. 

Silver  turns  out  to  be  the  idealmetal  to  use  because 
of  its  high  reflectivity.  Even  so,  absorption  puts 
an  upper  limit  on  the  film  thickness  of  about  20  nm. 

The  right  evaporation  conditions  are  crucial 
for  obtaining  a  film  with  high  reflectivity,  low 
absorption  and  scattering,  showing  a  conduction 
threshold  at  low  average  thickness.  We  have  found 
that  using  a  fast  evaporation  rate  gives  the  best 
results.  It  is  also  essential  to  avoid  heating  of 
the  substrate,  both  during  and  after  deposition.  The 
chemical  reactivity  of  t  lie  silver  films  poses 
additional  problems,  especially  in  aqueous  solution. 

Wc  have  carried  out  measurements  of  surface 
forces  between  one  mica  surface  and  one  silver 
surface  in  both  aqueous  and  non-aqueous  systems(IO). 
In  the  nonpolar  liquid  octamethyJcyclo- 
tetrasi 1 oxane  (a  near-spher ical  molecule  of  diameter 
*  0.8  nm)  oscillatory  solvation  forces  are  measured. 
These  are  qualitatively  similar  to  the  forces  found 
between  two  mica  surfaces  (5),  but  of  shorter  range. 
Furthermore,  fused  films,  which  should  retain  much 
of  the  smoothness  of  the  mica  substrate,  give  forces 
that  are  similar  to  those  with  directly  evaporated 
films.  We  believe  that  these  results  indicate  that 
the  silver  surfaces  are  quite  smooth,  even  on  a 
molecular  scale. 


In  conductivity  water  and  sodium  carbonate 
solutions  long-range  double-layer  forces  are 
measured.  The  results  are  consistent  with  the  non¬ 
linear  Poisson-Boltzmann  equation,  and  the  Debye 
screening  length  in  close  agreement  with  that 
expected  from  the  electrolyte  concentration.  At 
short  range  a  weak  attraction  is  found  in  pure 
water,  but  the  force  in  sodium  carbonate  is  a  mono¬ 
tonic  repulsion  down  to  about  7  nm,  where  an  almost 
"hard  wall"  is  found.  This  may  be  due  to  hydration 
effects  or  some  chemical  modification  of  the 
silver  surface. 

We  also  present  preliminary  results  of  force 
measurements  between  two  silver  surfaces  across 
octamethylcyclotetrasiloxane . 

There  is  clearly  scope  for  a  great  deal  of 
experiments  with  silver  films.  Apart  from  direct 
measurements  of  surface  forces  in  liquids  it  should 
be  possible  to  study  the  viscosity  of  thin  liquid 
films  between  metal  surfaces,  adsorption  of 
surfactants  and  polymers  to  metal  films,  and,  of 
course,  electrochemical  processes.  By  applying 
and  varying  twodifferent  potentials  at  the  silver 
surfaces  the  interaction  of  double  layers  of 
unequal  potential  could  be  studied. 
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Current  interest  in  the  fundamental  aspects  of 
electrochemistry  at  interfaces  has  focused  on 
understanding  !!ie  interactions  occurring  at  the 
atomic  level.  We  are  exploring  these  problems  by 
using  molecularly  smooth  mica  surfaces  In 
vacuum,  two  mica  surfaces  will  come  into  an 
adhesive  contact  In  liquids  or  vapors,  the 
surfaces  often  come  into  equilibrium  "contact" 
while  still  separated  by  a  few  layers  of 
molecules,  and  the  adhesive  force  is  dramatically 
reduced  from  the  value  in  vacuum 

Using  the  Surface  Forces  Apparatus  (SPA),  the 
adhesion  force  needed  to  separate  two 
molecularly  smooth  mica  surfaces  in  water  has 
been  directly  measured  as  a  function  of  the 
rotational  angle  8  between  the  two  surface 
lattices  (relative  crystallographic  orientation) 
The  SFA  allows  the  distance  between  two  mica 
surfaces  (crossed-cylmder  geometry)  to  be 
independently  controlled  and  measured  (using  an 
optical  interferometric  technique)  to  ?.lA  The 
adhesion  was  measured  as  the  'pull-off  force.  F. 
needed  to  separate  two  surfaces  from  contact 
which  can  be  related  to  the  surface  energy.  E. 
between  two  flat  surfaces  by  the  Deriagum 
approximation- 

E  =  F,2jiR 

By  convention  E  -  2ysi.  where  ysi  is  commonly 
referred  to  as  the  "surface  energy  0'  the 
"mterfacial  energy  •  >r  interactions  across  a 
medium  The  surfaces  were  rotated  relative  to 
each  other  (about  the  vertica1  axis  which  is 
normal  to  the  surfaces)  with  an  angu'ar 
sensitivity  of  10  ?  leg 

As  shown  m  Fig  1  the  adhesion  energy  E  vanes 
as  a  f'jnct’on  o<  B  interacting  across  wale'  Wo- 
the  surfaces  are  m  perfect  crystal  og'apn.c 
register  (eg  B  0  60.  120  ’80  i  the  ad^-s'.'-.'’ 
is  found  *o  be  maximum  whereas  if  the  s.a'aies 
are  rotated  by  as  -itt'e  as  -05  f-r.m  :►» 


maximum,  the  adhesion  decreases  by  50%.  Effects 
of  the  mica  orientation  on  the  total  interaction 
potential  (i.e.  force  law  at  finite  distance)  which 
includes  electrostatic,  solvation,  and  structural 
forces  will  be  discussed. 


Angle  ceg: 

Figure  1 

Adhesion  energy  versus  0  between  two  flat  mica 
surfaces  in  water 
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Surface  Forces  and  High-Resolution  Optical  Imaging 
of  the  EJectrode/ElectroJyte  Interface 

C.P.  Smith,  S.R.  Snyder,  J.  D.  Norton,  and  H.S.  White 
Department  of  Chemical  Engineering  and  Materials  Science 
University  of  Minnesota 
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Developments  in  high  resolution  scanning  tunnelling 
microscopy  (STM)  have  recently  provided  unprecedented  detail 
of  electrode  structure  and  of  local  physiochemical  properties  of 
molecular  adsorbates  and  thin  molecular  films.  In  this  paper  we 
describe  two  newly  developed  in-situ  methods  that  are 
complimentary  to  STM,  and  which  provide  (1)  high-resolution 
(2-5 A)  measurement  of  forces  within  the  electrode/electrolyte 
interphase  region  and  (2)  real-time  imaging  of  the  changes  in 
surface  topology  that  accompany  many  classes  of  electrode 
reactions. 

The  first  technique  described  utilizes  the  surface  forces 
microbalance  to  measure  forces  between  two  40A  thin  film  Pt 
electrodes  separated  by  5  to  500A  of  an  electrolyte  or  an 
adsorbed  molecular  film.  We  have  directly  measured  forces 
between  Pt  electrodes  separated  by  H2O  as  a  function  of 
separation  distance.  Measurable  electrostatic  forces  are  obtained 
at  16()A  and  increase  nearly  exponentially  with  decreasing 
sep  rauon  distance.  At  £a^  10A  the  surfaces  come  into  "contact" 
and  further  increases  in  the  externally  applied  pressure  results  in 
no  further  decrease  in  separation  distance.  That  the  surfaces 
come  into  "contact"  at  a  finite  separation  distance  may  be  due  to 
atomic  scale  surface  roughness  or  due  to  the  strong  adsorption 
of  solvent  and/or  impurity.  To  test  the  hypothesis  of  a  strongly 
bound  H2O  layer,  we  have  measured  forces  between 
potentiostated  Pt  electrodes,  initially  "dried"  and  subsequently 
exposed  to  moist  air.  We  observe  that  a  thin  layer  of  H2O  is 
trapped  between  the  surfaces  that  is  difficult  to  remove  without 
application  of  a  large  external  potential  bias  between  the  surfaces 
(corresponding  to  a  field  strength  of  107  eV/cm  across  the  H2O 
film).  Similar  measurements  are  in  progress  using  different 
adsorbing  gases. 

In  a  separate  area  of  investigation,  we  have  employed  phase- 
detection  microscopy  (PDM)  to  monitor  changes  in  surface 
topology  that  accompany  dissolution  and  precipitation  reactions. 
The  phase-detection  microscope  (ZYGO  Maxim  3-D  System)  is 
based  on  interferometric  analysis  using  a  photodiode  array 
detector  and  has  a  routinely  accessible  vertical  resolution  of  5 A. 
In  addition  to  measuring  topology  of  surfaces  exposed  to  air, 
PDM  is  capable  of  imaging  surfaces  immersed  under  bulk 
electrolyte  layers  (i.e.  0.5  cm).  Figure  1,  without  suffering 
significant  loss  in  resolution.  We  have  used  PDM  to  image 
molecularly  smooth  Pt  and  Ag  samples,  insulating  polymers  and 
inorganic  substrates,  e  g.,  mica,  in  air  and  under  H2O.  Ongoing 
studies  include  in-situ  measurement  of  non-uniform  dissolution 
of  layered  transition  metal  dichalcogenides  and  of  electroactive 
polymeric  films.  Results  from  these  studies  will  be  described 
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Kinetic  Isotope  Effects  of  the  Hydrogen-Evolution- 
Reaction  (HER)  at  Gold-  and  Platinum-Electrodes 

D.  Tegtmeyer,  3.  Heitbaum 

University  of  W  itten/Herdecke 
Faculty  of  Natural  Sciences 
Stockumer  Str.  10,  D  -  5S10  Witten 


The  combination  of  a  quadrupole  mass  spectrometer 
and  an  electrochemical  cell  (differential  electrochemi¬ 
cal  mass  spectroscopy,  DEMST  allows  the  online  mass- 
detection  of  a  volatile  product  with  a  time  constant 
of  less  than  0.5  sec.  The  ion  current  of  the  detected 
species  is  proportional  to  the  corresponding  faradaic 
current.  With  a  new,  rotating  inletsystem  it  becomes 
possible  to  determine  the  proportionality  factor, 
between  the  faradaic  current  and  the  mass-signal. 

By  means  of  this  quantitative  correlation,  the  corres¬ 
ponding  faradaic  current  can  be  calculated  from  the 
obtained  mass  intensity.  This  is  very  useful  in  cases, 
where  the  current  is  a  sum  of  different  faradaic 
and  non-faradaic  processes.  One  example  therefor 
is  the  hydrogen  evolution  in  an  acid  mixture  ol  light 
and  heavy  water.  There  are  three  different  gaseous 
products,  namely  hydrogen,  deutenurnhydrid  and 
deuterium,  but  only  one  common  signal  for  the  current. 
The  amount  of  each  produced  gas  is  a  function  of 
the  ratio  between  protons  and  deuterons,  which  depends 
on  the  isotope  mixture  H.O/HDO/D2O.  With  the 
applied  method  it  is  possible  to  obtain  three  different 
cyclic  voltammograms  in  one  experiment,  respectively 
for  the  production  of  H2»  HD  and  (see  fig.  I). 

In  this  way  the  hydrogen  evolution  reaction  was  investi¬ 
gated  in  different  mixtures  of  light  and  heavy  water, 
varung  the  temperature  as  well  as  the  pH  and  the 
isotope  ratio  in  the  solution.  The  experiments  were 
done  with  vacuum  deposited  platinum  as  well  as  gold 
catalyst  layers.  For  each  reac  tion,  the  evolution  of 
H^,  HD  and  D2,  the  usual  evaluation  of  the  experi¬ 
mental  data  gives  the  characteristic  kinetic  para¬ 
meters  ol  the  electrochemical  reactions:  exchange- 
current-density,  tafelslopc,  activationenergy,  electro¬ 
chemical  reaction  order  and  separation  factor.  The 
results  are  interpreted  on  the  basis  ol  the  theoretical 
t  onsiderations  to  be  found  in  the  literature  / 2/ . 

/  1/  3.  Willsau,  O.  Wolter,  3.  Heitbaum 

J.  Elecrroanal.  Chern..  |8_5  (1985)  'A3 


Fig.  1:  Hydrogen  evolution  m  an  acid  H^O/D^O-mixture 

system:  10  ^  m  HOO  .  0.1  m  \aOO, . 

scan  speed:  1  0  mV/sec;  f> 0  'V  Vl  .0. 

<♦0  °0  n2v\  H'  :  IV  1:1  1 

above:  faradaic  limiting  currents  ot  the  H  lV  - 
reduv  tion  on  platinum  electrode 

middle:  c  orresponding  mass  spe<  trum  tor  H  .. 

hd,  r>2 

below:  mass  spe«  trometru  ivclu  voltammogram 
for  gold 

m/e:  2;  I  Ske  ‘0.0  \  I0'!^  \ 
m/e:  3;  1  Ske  ‘2.*'  x  U/  “  \ 
m/e:  1  sk<-  ‘/.Ox  10’  \ 
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BLECTROCATALYSIS  OF  ANODIC  OXYGEN-TRANSFER  REACTIONS: 


Modification  of  Electrode  Surfaces  by  Formation  of 
Thin  Pb02  and  Bi( III) -Incorpora ted  PbO^  Ad-Layers 
via  Electrochemical  Reaction  at  Solid/Solid  Interface 

Hsiangpin  Chang  and  Dennis  C.  Johnson 

Department  of  Chemistry  and  Ames  Laboratory* 
lova  State  University,  Ames,  Iova  50011 

Recently,  chemically  modified  Pb02  film  electrodes 
prepared  by  incorporation  of  ionic  catalyst,  e.g., 
Bi^+,  denoted  as  Bi-PbOo,  via  electro-co-deposition  or 
electroadsorption  have  been  the  subject  of  intensive 
studies  in  this  laboratory  (1-7).  These  electrodes 
show  effective  efficiencies  to  catalyze  many  anodic 
oxygen- transfer  reactions  (OTR)  that  are  extremely 
slow  at  normal  solid  electrodes.  The  ionic  catalyst 
serves  as  a  bi -mediator  for  both  electron  and  oxygen 
atom  transfer  (7).  Some  typical  reactions  are: 

(CH3)2SO  -  HoO  - *  (CH3)2S02  +  2H+  ♦  2e 

Mn2  +  *  4H20  — ►  MnOA*  *  8H+  ♦  5e 
Cl"  ♦  3H20  — ►  C103-  *  6H*  +  6e 

Conventional  Bi-Pb02  film  prepared  by  co-deposition 
has  a  thickness  of  ca.  0.1-1  mm.  It  vas  discovered 
that  a  thin  PbO  ad-layer  remains  on  Au  after  electro¬ 
lytic  stripping  of  Pb02  (6).  In  this  report,  ve  will 
describe  the  conditions  to  make  thin  Pb02  and  Bi-Pb02 
ad-layers  as  a  new  vay  of  modifying  varied  solid 
electrodes.  Cyclic  voltammetry,  chronoamperometry  and 
other  electrochemical  and  spectroscopic  methods  are 
used  to  characterize  the  ad-layers.  The  mechanisms  by 
vhich  the  ad-  layers  are  formed  are  also  studied. 

Formation  of  PbO?  and  Bi  Pb07  Ad-Layers.  Pb02  and  Bi- 
Pb02  ad-layers  are  formed  on  Au,  Pt,  Ti,  and  GC  disc 
electrodes  by  stripping  of  thick  Pb02  and  Bi-Pb02 
( Bi : Pb  -  1:10)  films  followed  by  reanodizing  in  a 

blank  solution.  This  was  evidenced  by  the  following: 
(a)  The  rate  of  oxide  deposition  at  ad-layer  covered 
electrodes  is  much  faster  than  that  at  freshly 
polished  electrodes.  The  anodic  CV  peak  increases 
with  cycle  number  as  the  induction  time  for  constant 
potential  deposition  decreases;  (b)  A  distinct  anodic 
current  was  observed  during  reanodizing  the  ad-layer 
(reduced  form)  covered  electrodes;  (c)  A  cathodic 
stripping  peak  was  observed  at  the  ad-layer  (oxidized 
foriu)  covered  electrode  when  potential  was  scanned 
from  1.7  to  0.8  V  vs.  SCE;  (d)  Thin  but  observable 
films  were  seen  at  the  disc  electrodes;  (e)  The  ad- 
layer  covered  electrodes  show  similar  electrochemical 
and  chemical  properties  as  the  normal  bulk  oxide 
films.  The  ad-layers  can  be  totally  removed  by 
treating  in  mixture  of  H202  and  acetic  acid. 

Mechanisms  of  Ad-Layer  Formation.  The  formation  of 
ad- layers  depends  on  solution  pH  and  the  thickness  of 
normal  oxide  film  before  stripping.  The  higher  the  pH 
during  stripping  is  or  the  thicker  the  original  oxide 
film  is,  the  easier  the  formation  of  ad-layers  is.  No 
ad-layer  is  formed  if  the  normal  oxide  film  is  too 
thin.  It  war;  observed  that  the  stripping  rate  of  thick 
oxide  films  was  limited  by  mass- transpor t  of  Hf  and, 
thus,  the  dissolution  of  oxide  film  proceeded  layer- 
by -’layer.  Upon  the  above  observations,  it  is  concluded 
that  the  ad  layers  are  formed  by  undissolving  reduc¬ 
tion  of  the  internal  layer  of  thick  oxide  films  during 
stripping  due  to  the  lackness  of  H*  or  H20  at  the  sub 
strate  /oxide  inter  fate  plus  the  interactions  between 
the  substrate  and  the  internal  oxide  layer.  The  whole 
process  can  le  regarded  as  an  electrochemical  reaction 
at  the  sol  ;  d'  -<il  id  inteif.ice  of  the  subs  t  rate/ oxide 
/solution  mo  I • i luyet  jum  t ion.  It  is  also  concluded 
that  the  suita* e  oxide  <f  the  substrate  does  not 
affect  the  format  run  of  ad  layers. 

♦"Operated  f<w  the  U.>.  Department  of  Energy  by  Iowa 
State  Uni  ve:  •;  i  ry  mid*  r  Contract  No.  W7405  ENG-82. 


Thickness,  Morphology,  and  Stability  of  the  Ad -Layers. 
The  thickness  of  Pb02  an3  Bi-Pb02  ad- layers  vere 
estimated  either  by  measuring  the  charge  for  their 
voltammetric  stripping  peaks  or  by  SEM.  The  results 
are  0. 1-0.5  um,  which  are  much  smaller  than  the  normal 
films  and  vary  with  the  conditions  of  preparation. 
Accumulation  and  growth  of  the  ad-layer  occurs  by 
multiple  cycles  of  deposition/stripping  process. 

The  morphology  of  the  ad-layers  was  studied  with 
SEM.  Microcracks  vere  observed  on  both  kinds  of  ad- 
layers,  vhich  vere  not  seen  at  their  normal  films,  and 
might  be  formed  by  contraction  of  the  internal  oxide 
layer  during  undissolving  reduction  in  solid  phase. 
The  microcracked  surface  structure  of  the  ad-layers  is 
very  similar  to  that  of  Ru02/Ti  dimensionally  stable 
anodes  prepared  by  thermal  deposition.  The  morphology 
of  the  ad-layers  does  not  change  after  reanodizing. 

Both  kinds  of  ad-layers  are  adherent  to  the  sub¬ 
strate.  However,  the  ad-layers  prepared  from  multiple 
cycles  of  deposition/stripping  become  fragile.  Pb02 
ad- layers  can  be  removed  by  consecutive  anodizing 
/stripping.  But,  Bi-Pb02  ad-layer  is  much  stabler, 
vhich  remains  effective  after  potential  cycling  be¬ 
tween  1.5  and  0.3  V.  This  enhanced  stability  of  Bi- 
Pb02  may  be  caused  by  the  decreased  basicity  of  the 
mixed  oxide  introduced  by  incorporation  of  Bi^+  ions. 

Catalytic  Activities  of  the  Ad-Layers.  The  catalytic 
activities  of  Pb02  ad-layer  for  anodic  oxygen-transfer 
reactions  in  acidic  media  are  tested  with  Bi’+  co¬ 
existing  in  the  solution,  as  the  result  is  similar  to 
that  of  normal  Pb02  films  (7).  Veil-defined  i-E  pla¬ 
teaus  are  obtained  for  oxidation  of  widely  varied  sub¬ 
stances  including  dimethyl  sulfoxide,  tetramethyl 
sulfoxide,  2-thiophene  carboxylic  acid,  and  Mn2*  etc., 
as  the  same  half  potential  (E1/2,  ca.  1.65  V  at  Au 
subtrate)  is  observed.  It  is  concluded  that  it  is  the 
electroadsorped  Bi^*  on  the  Pb02  ad-layer  that  func¬ 
tions  as  the  catalyst  (7). 

Bismuth  (III)  ions  are  incorporated  into  Pb02 
matrix  in  Bi-Pb02  ad-layer.  It  is  observed  that  the 
b1/2  value  f°r  a*ny  OTRs  at  Bi-Pb02  ad-layer  covered 
electrodes  is  lower  than  that  at  normal  Bi-Pb02  film 
of  varied  thickness,  vhich  means  the  Bi-Pb02  ad-layer 
has  better  catalytic  activity  than  the  normal  Bi-Pb02 
film.  This  proves  that  the  difference  between  Bi-Pb02 
ad-layer  and  normal  Bi-Pb02  film  is  not  simply  the 
thickness,  but  also  surface  structures.  The  Bi-Pb02 
ad-layer  also  has  a  higher  electrochemical  stability 
than  the  normal  film,  as  a  wider  potential  window  can 
be  applied  to  the  Bi-Pb02  ad-layer  covered  electrodes. 

The  anodic  current  for  the  above  oxidation  reac¬ 
tions  increases  linearly  with  ur^2  and  bulk  concentra¬ 
tion  of  the  substances,  indicating  mass- transport 
limitation.  The  anodic  processes  at  these  electrodes 
also  have  high  current  efficiency  and  stability. 

The  mechanism  of  electrocatalysis  at  PbO^  and  Bi- 
Pb02  ad-layers  is  the  same  as  that  at  their  normal 
films.  The  B i ( III /V )  ions  electroadsorped  on  Pb02  or 
incorporated  into  the  Pb02  matrix  via  co-deposition 
function  as  a  bi-mediator  for  both  electron  and  oxygen 
atom  transfer.  Two  i-E  peaks  for  B  i  ( 1 1 1  «*  V)  transi¬ 
tion  that  increase  with  scan  rate  are  observed  at  Bi- 
Pb02  ad-layer  covered  electrodes  whose  peak  potential 
corresponds  to  the  Ej/2  value  of  the  catalytic 
electrode  oxidations. 
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INTRODUCTION 

Hydrogen  absorption  in  crystalline  metallic  com¬ 
pounds  produce  lattice  expansion  and  may  induce  sev¬ 
eral  structural  changes  [1,  2)*  During  gazeous  hydro¬ 
genation  of  La-Ni  alloys  the  disappearance  of  the 
Bragg  peaks  in  the  X-ray  pattern  was  attributed  to  an 
hydrogen  Induced  disorder  [3).  More  recently,  it  was 
concluded  that  hydrogen  may  Induce  amorphlzation  of 
some  R-Nl  ( R  -  Rare  Earth)  Laves  compounds  [4],  and 
metastable  crystalline  Rh-Zr  [5]  and  Pd-Zr  [6]  alloys 
after  reaction  with  hydrogen  gas.  In  this  paper  the 
electrolytic  hydrogenation  of  fcc-Pd0. 21Zr 0- 79  *8 

used  as  an  alternative  way  to  gazeous  hydrogenation. 

EXPERIMENTAL 

Electrolytic  hydrogenation  is  performed  at  con¬ 
stant  current  density  and  temperature  in  1  N  H2S04 
containing  1  mM  dissolved  thiourea.  The  fcc-Pd-Zr 
ribbons  are  prepared  by  the  melt-spinning  technique. 
The  electrode  are  etched  60  s  in  0.1  M  HF  solution 
prior  the  experiments. 

The  electrochemical  measurements  are  carried  out 
between  25  and  75*C  with  a  PAR  Model  273  potentlostat 
coupled  to  an  Appel  lie  computer.  A  Philipps  vertical 
X-ray  diffractometer  equipped  with  a  graphite  mono¬ 
chromator  is  used  to  characterize,  with  Mo  Ka  radia¬ 
tion,  the  microstructure  during  the  electrolytic 
hydrogenation. 

RESULTS 

In  1  N  H2S04  solution,  containing  thiourea,  no 
apparent  gazeous  H2  Is  evolved  during  the  most  part  of 
the  electrolytic  charging.  At  10  mA  cm'2  the  elec¬ 
trode  potential  shifts  In  the  cathodic  direction  with 
time  after  an  Incubation  period  of  150,  70  and  10  s 
for  25,  50,  and  75°C  operating  temperatures  respec¬ 
tively  (Fig.  1).  These  potential-time  curves  are  ana¬ 
lyzed  In  terms  of  overpotent  lal  due  to  the  charge 
transfer  (Eq.  (1))  and  the  diffusion  of  hydrogen  In 
the  electrode  (Eq.  (2)). 


i3o+  +  r 

- *  H  a  .  .  *  H,0 

adsorbed  « 

(i) 

'adsorbed 

^adsorbed 

(2) 

The  charge  transfer  reaction  is  the  rate  deter¬ 
mining  step  (r.d.s.)  at  the  beginning  of  the  electro¬ 
lytic  charging.  The  calculated  equivalent  hydrogen 
fugaclty  in  the  first  layers  of  the  alloy  Is  on  the 
order  of  200  atm  at  10  mA  cm-2.  For  times  larger  than 
the  Incubation  period,  the  r.d.s.  Is  a  mixed  process 
charge- trans fer  -  hydrogen  diffusion  In  the  elec¬ 
trode.  By  combining  the  expression  for  a  quasl- 
reverslble  charge  transfer  and  the  diffusion  equation 
of  hydrogen,  a  general  equation  for  the  n-t  curve 
leads  to  the  determination  of  the  diffusion  coeffi¬ 
cient  of  hydrogen  (Dg)  assuming  that  the  hvbride  Is 
Pd Q  ziZr8.  79  H  i  3.  At  25*C  Dg  -  1  x  10“  *  cm2  s'1 
and*  the  activation  energy  Is  17  kJ  mol-1,  compared  to 
2  x  10"7  cm2  s- J  and  17-23  kJ  mol-1  for  Pd  (7,  8]  and 
I  x  10"  11  cm2  s-*  and  35  kJ  mol-1  for  Zr  (9). 


The  X-ray  diffraction  patterns  of  as-quenched 
polycrystalline  electrode  before  (Pd  o.  2i^r  0. 79^  aru* 
after  the  electrolytic  hydrogenation  (Pd0< 2iZro. 79^x^ 
reveals  that  the  metastable  fee  lattice  is  modified  by 
the  hydrogen  penetration.  That  suggests  that  the 
crystalline  peak  Is  transformed  in  an  amorphous  broad 
band.  The  position  and  the  width  of  the  (200)  charac¬ 
teristic  line  may  be  analyzed  in  terms  of  d-spaclng 
and  crystal  size  respectively(Fig-  2). 

At  25,  50  and  75°C,  a  linear  relationship  is 
observed  between  the  lattice  constant  and  the  total 
cathodic  charge  density  at  10  mA  cm- 2  (Fig.  3).  Since 
no  hydrogen  evolution  occurs,  this  charge  represents 
the  quantity  of  absorbed  hydrogen  in  Pdg. 2lZr q. 79. 
The  slope  d(A)  vs  Q  is  almost  Independent  of  the  tem¬ 
perature,  and  is  about  0,009  X/C  cm-2.  This  slope 
corresponds  to  a  lattice  expansion  of  3.7%  and  a 
volume  Increase  of  10%,  which  is  in  the  same  range  as 
the  hybride  formation  of  PdH0,g  and  ZrHj.s  with 
volume  increases  of  10.8%  and  13.  IX  from  the  face- 
centered  cubic  Pd  and  crZr  respectively  [7J. 

During  the  electrolytic  hydrogenation  the  size  of 
the  microcrystallites  decays  exponentially  with  the 
square  root  of  time  or  charge  density  (Fig.  4).  The 
initial  size  is  about  200  X  and  it  shrinks  to  23  a  in 
1000  s  at  10  mA  cm-2.  The  crystallite  dimension  does 
not  converge  to  zero  at  large  times  but  to  a  finite 
value  which  is  typically  the  size  of  one  or  two  unit 
cells.  The  sample  is  then  almost  completely 
amorphous. 

At  fixed  charge  the  amount  of  amorphous  base, 
based  on  the  crystallite  dimensions,  is  Independent  of 
the  current  density  for  current  densities  up  to  a 
value  of  100  mA  cm-2.  For  larger  current  densities, 
the  electrolytic  charging  Is  less  efficient  because 
9ome  hydrogen  evolution  occurs.  The  most  rapid 
amorphlzation  may  be  realized  In  100  s  at  100  mA  cm-2. 

REFERENCES 

1.  A.  J.  Maeland  In  Hydrides  for  energy  storage. 
A.F.  Anderson  and  A.J.  Maeland  (Eds),  Pergaraon 
Press,  Oxford,  1978. 

2.  F.A.  Lewis,  lot.  J.  Hydrogen  Energy  .12,  643 

(1987). 

3.  H.  Oesterrelcher ,  J.  Clinton  and  H.  Bittner, 

Mat.  Res.  Bull.  U_,  1241  (1976). 

4.  K.  Aoki,  T.  Yamamoto  and  T.  Masumoto,  Metal lur- 

glca  21  ,  27  (1987);  K.  Aokl,  K.  Shlrakawa  and 

T.  Masumoto,  Scl.  Eng.  Res.  Inst.  Tohoku,  Unlv. 
A-32,  239  (1985). 

5.  X.L.  Yeh,  K.  Samwer  and  W.L.  Johnson,  Appl. 

Phys.  Lett.  42_,  242  (1983). 

6.  X.L.  Yeh,  W.L.  Johnson,  J.Y.  Tang  and  C.R.  Shi, 
Met.  Res.  Soc.  58.,  63  (1986). 

7.  Metal  Hybrldes,  W.M.  Mueller,  J.P.  Blackledge  and 
G.G.  Llbowltz  (eds)  Academic  Press,  New-York, 
1968. 

8.  V.  Breger  and  E.  Glleadl,  Electrochlm.  Acta,  16 . 

177  (1971);  J.O'M.  Bockrls,  M.A.  Genshaw  and 

M.  Fullenwlder,  Electrochlm.  Acta,  jl_5,  47  (1970). 

9.  E.  Brauer,  R.  Gruner  and  F.  Rauch,  Ber.  Bunsenges 
Phys.  Chem.  87_,  341  (1983). 


I  Ml  5 


I  Nit  lib  l  IT  (ARBITRARY  UN1TSI 


-450  L 

1 


I 

lUJI—  i  i  i  mill - 1  i  i  n«*U — i  i  >  imJ 

10  10J  103  10* 
Time  (s) 


Fig.  1  Electrode  potential  vs  time  for  electrolytic 
hydrogenation  of  Pd-2r  alloy  at  10  mA  era"  and 
25  (■),  50  (*),  75°C  (P)  in  acid  solution. 


Fig.  3  d-spacing  of  the  center  of  gravity  of  the  dis¬ 
tribution  of  X-ray  intensity  near  the  (200) 
Bragg  peak  as  a  function  of  the  total  charge 
density  during  hydrogenation  at  10  mA  cm-  and 
various  temperatures. 
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Fig.  4  Crystallite  dimension  as  function  of  the  total 
charge  density  for  Pd-Zr^  electrode  during 
hydrogenation  at  10  mA  cm~  and  various  tem¬ 
peratures. 


Fig.  2  X-ray  diffraction  patterns  for  (A)  as  quenched 
Zr/9Pd2l  and  (B)  amorphous  (Zr /^Pd 2 [)HX 
obtained  by  electrolytic  hydrogenation  at 
10  mA  c«2  for  1000  s  at  25"C. 
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INTRODUCTION 

The  kinetics  for  Cu  deposition  in  0.1M  HCIO4 
have  been  found  to  be  so  slow  that  submonolayers  of 
copper  atoms  exhibiting  UPD-type  behavior  are  formed 
over  periods  of  tens  of  seconds  at  potentials  far 
more  negative  than  those  corresponding  to  bulk 
deposition.  Although  not  identified  as  VPD,  this 
peculiar  effect  appears  to  have  been  first  observed 
by  Tindall  and  Bruckenstein  for  the  Cu  deposition  on 
polycrystalline  platinum  in  perchlorate  solutions,! 
who  attributed  this  phenomenon  to  kinetic  hindrances 
in  the  deposition  process. 

It  is  the  main  aim  of  this  work  to  examine  for 
the  first  time  the  electrocatalytic  effects 
associated  with  adatoms  in  a  potential  range  where 
conventional  UPD  is  not  expected  to  occur. 

EXPERIMENTAL 

A  description  of  the  instrumentation  involved  in 
the  measurements  including  the  rotating  gold- ring 
gold-disk  electrode  and  the  electrochemical  cell 
has  been  given  in  a  previous  communication.2  Copper 
perchlorate  and  sodium  nitrate  were  obtained  from 
Aldrich  and  used  without  further  purification. 

RESULTS  AND  DISCUSSION 

I.  Copper  deposition  on  Au  in  acid  media 

Polarization  curves  obtained  for  a  gold  disk 
electrode  in  0.1  M  HCIO4  and  l-lO*4  M  Cu(CI04)2  were 
characterized  by  a  very  broad  feature  in  the  scan  in 
the  negative  direction  accompanied  by  a  sharp  peak  at 
0.2  V  upon  reversal  of  the  sweep  (  Fig.  1).  Within 
the  time  scale  of  these  measurements,  a  bulk 
stripping  peak  could  be  observed  only  when  the 
cathodic  limit  was  more  negative  than  -0.4  V. 
Additional  insight  into  this  phenomenon  was  obtained 
from  experiments  in  which  the  potential  was  stepped 
to  a  given  value,  held  there  for  different  lengths  of 
time,  and  then  scanned  in  the  positive  direction.  The 
results  shown  In  Fig.  2,  clearly  indicate  that 
under  these  conditions  no  copper  bulk  deposition 
takes  place  despite  the  fact  that  in  the  extreme  case 
the  potential  is  about  0.4  V  more  negative  than  that 
required  for  this  process  to  take  place.  The  charge 
associated  with  the  shipping  peak  is  about  425 
#*C/cm'2,  which  corresponds  to  a  monolayer  of  copper 
adatoms.  This  suggests  not  only  that  the  UPD  is 
strongly  hindered,  but  also  that  bulk  deposition  will 
not  commence  unless  the  monolayer  has  been  completed. 
It  also  provides  some  evidence  that  the  two  processes 
may  be  intimately  linked. 

Experiments  Involving  a  rotating  gold  disk-gold 
ring  electrode  were  also  conducted  to  monitor  the 
concentration  of  Cu+  in  solution  during  the 
deposition  and  stripping  processes  by  polarizing  the 
ring  at  +0.50  V.  The  results  shown  in  Fig.  3  indicate 
that  Cu+  is  detected  Ln  the  scan  in  the  positive 
direction  only  when  the  potential  limit  is  negative 
enough  for  copper  bulk  deposition  to  ensue,  and 
hence,  that  the  stripping  of  the  Cu  ad- layer  la  not 


accompanied  by  the  generation  of  any  detectable  Cu* 
in  the  solution  phase.  It  is  also  interesting  to 
mention  that  no  Cu+  could  be  detected  in  the  scan  In 
the  negative  direction  in  the  potential  region 
examined.  These  results  agree  with  those  reported 
earlier  in  the  literature . ^ 

In  summary,  the  results  depicted  above  afford 
conclusive  evidence  that,  due  principally  to  kinetic 
effects,  Cu-adatoms  can  be  deposited  at  potentials 
far  more  negative  than  those  associated  with  bulk 
deposition  providing  ideal  conditions  for  studying 
their  electrocatalytic  properties. 

II.  Cu  ad-atom  mediated  electroreduction  of  NO3'  ions 
in  acid  media 

The  cyclic  voltammetry  for  Au  in  0.1M  HCIO4.  both 
in  the  absence  and  the  presence  of  nitrate,  yielded 
identical  curves  (see  curves  a  and  b,  Fig.  4).  Upon 
addition  of  Cu2+  to  the  solution,  however,  a  faradaic 
process  with  an  onset  of  -0.2  V  was  clearly  observed 
(see  curve  c,  Fig.  4  ).  This  current  is  believed  to 
be  associated  with  the  nitrate  reduction  mediated  by 
Cu  adatoms.  Higher  currents  were  obtained  after 
increasing  in  a  stepwise  fashion  the  concentration  of 
Cu2+  in  the  solution  especially  in  the  potential 
region  close  to  the  onset  of  the  electrocatalytic 
process.  This  is  most  likely  due  to  an  increase  in 
the  coverage  of  the  Cu  ad- atoms  for  higher 
concentrations  of  Cu2+  in  the  solution  and  suggests 
that  the  electrocatalytic  activity  may  be  coverage 
dependent . 

Fig.  5  shows  ring-disk  polarization  curves  for 
various  nitrate  concentrations.  As  indicated.  the 
ring  currents  exhibit  a  bell  shaped  curve  with  a 
maximum  at  about  -0.4  V.  The  fact  that  the  disk 
current  continues  to  increase  as  the  potential  is 
scanned  further  negative  indicates  that  the  reduction 
involves  more  than  two  electrons  generating  a  product 
that  does  not  undergo  a  clear  electrochemical 
oxidation  at  the  ring  potential  examined.  Fig.  6 
shows  polarization  curves  for  nitrate  reduction  in 
the  presence  of  Cu2  +  in  solution  at  different 
rotation  rates.  The  corresponding  Koutecky-Levich 
plots  were  found  to  yield  a  family  of  parallel 
straight  lines,  (see  Fig.  7)  with  a  common  -’-in*, 
corresponding  approximately  to  4  electrons. 

An  attempt  was  made  to  analyze  the  ring-disk 
data  based  on  Albery's  diagnostic  criterion*  in 
this  case  the  ratio  Ni,j/ir  in  which  ld  and  ir  are 
the  disk  and  ring  currents  and  N,  the  collection 
efficiency,  was  plotted  against  the  fl/2  for 
different  disk  potentials.  The  results  obtained, 
shown  in  Fig.  8,  yielded  straight  lines  for  which 
both  the  slopes  and  the  intercepts  were  found  to  be 
potential  dependent  In  the  region  between  -0.38  and  - 
0.52  V  vs.  SCE  Indicating  that  the  overall  mechanism 
Involves  a  parallel  reaction  pathway. 
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The  porous  metal/gas  electrode  in  contact  with  a 
solid  electrolyte  is  similar  in  many  respects  to  the 
more  familiar  solid  or  liquid  metal-liquid  electrolyte 
system.  However,  while  the  steady-state  behavior  of 
both  are  governed  by  electrochemical  kinetics  and  mass 
transport,  the  former  has  received  far  less  atten¬ 
tion.  Only  a  few  quantitative  studies  have  been 
performed  which  deal  with  the  dynamic  processes  at  the 
porous  metal/gas/  solid  electrolyte  interface.  While 
serious  drawbacks  to  investigations  of  this  type 
include  the  difficulty  of  accurately  characterizing 
the  three-phase  contact  zone,  there  are  also  advan¬ 
tages  including  the  possibility  of  examining  the 
effect  of  temperature  varied  over  many  hundreds  of  K, 
on  electrode  reaction  rates  of  comparatively  simple 
systems. 

The  Alkali  Metal  Thermoelectric  Converter  (AMTEC) 
is  a  direct  energy  conversion  device  potentially 
capable  of  near-Carnot  efficiencies  and  demonstrated 
to  perform  at  high  efficiencies  and  quite  high  power 
densities.  (1-6) 

AMTEC  utilizes  a  high  sodium  activity  gradient 
across  a  sodium  beta"  alumina  solid  electrolyte  (BASE) 
separator  a*-  elevated  temperature,  Ti  (900-1300)  to 
achieve  an  open  circuit  cell  voltage  up  to  about  1.6V, 
and  low  internal  cell  resistances  to  allow  current 
densities  up  to  about  2.5  amps/cm2  (BASE)  at  maximum 
power.  Liquid  sodium  contacts  the  BASE  at  the  high 
activity  side,  while  sodium  vapor  at  low  pressure 
leaves  the  power  electrode  to  a  condenser  at  T>  (400- 
BOOK)  .  It  is  a  static  device  with  no  moving  parts 
except  for  the  working  fluid,  sodium,  and  it  is 
modular  with  no  size-dependence  of  either  power 
density  or  efficiency.  These  characteristics  make 
AMTEC  a  promising  candidate  for  space  applications. 
The  properties  of  the  porous  metal /sodium  gas 
electrodes  on  the  BASE  are  critical  to  optimization 
of  AMTEC  device  performance. 

Mixed  mass  transport  and  kinetic  control  of  sodium 
ion  reduction  at  porous,  inert  electrodes  on  BASE  at 
high  temperatures  has  been  observed  and  modeled.  The 
high  ionic  conductivity  of  BASE  and  the  reversibility 
of  the  liquid  sodium/  BASE  anodic  half  cell  led  to 
assignment  of  potential-dependent  (non-ohmic)  resis¬ 
tances  to  kinetic  and  mass  transport  processes  asso¬ 
ciated  with  the  porous  electrode. (7,8)  The  morphology 
of  these  electrodes  and  typical  sodium  gas  pressures 
are  consistent  with  Knudsen,  or  free-molecular,  flow. 
Equations  for  effusion  of  a  gas  through  a  cylindrical 
pore  and  equivalent  pressure  for  a  condensed  phase 
evaporating  irreversibly  govern  the  pressure  of  sodium 
gas  in  the  porous  electrode.  These  equations  and  the 
current-overpotential  equation  combine  to  yield 
equations  for  the  cells'  current-voltage  curve  and  its 
apparent  charge  transfer  resistance  in  terms  of  rate 
and  transport  parameters.  Inclusion  of  ohmic 
resistance  losses  including  electrode  sheet  resistance 
via  an  iterative  finite  elements  method  results  in  a 
fairly  complete  model  for  the  D.C.  response  of  AMTEC 
cells. 

The  exchange  current,  transfer  coefficient, 
Knudsen  flow  coefficient,  and  interfacial  capacitance 
vs.  potential  at  the  Naco  /porous  Mo/BASE  phase 
boundary  have  been  evaluated  from  740  to  1220  K.  The 
transfer  coefficient  exhibits  a  value  close  to  0.5 
and  the  exchange  current  is  dominated  by  the  collision 
frequency,  ,ith  no  significant  activation  energy.  The 
Interfacial  capacitance  aa>  be  greatly  increased  if 


NaaMoO«  and  NaaMosOs  are  present,  but  exhibits 
systematic  limiting  behavior  with  respect  to  potential 
and  temperature  after  the  electrodes  have  matured. 
(9-11)  Since  the  reaction  area  increases  due  to 
Na«  Mo0«  /Naa  M03  Ob  in  the  pores ,  the  apparent  exchange 
current  is  also  increased.  Since  the  porous  Mo 
electrode  adopts  a  fairly  regular  microstructure  on 
the  BASE  surface,  the  magnitude  of  the  exchange 
current  of  clean  mature  electrodes  directly  depends  on 
the  actual  surface  area  of  the  BASE  ceramic  which  is 
electrochemical ly  active.  The  value  of  the  Knudsen 
flow  coefficient  also  indicates  that  only  a  portion  of 
the  BASE  surface  is  active  reaction  area. 
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INTRODUCTION 

The  mounting  of  single  crystals  as  conventional 
rotating  disks  is  often  a  difficult  task.  Metals  such 
as  gold  are  extremely  soft  and  fragile,  and  even 
gentle  pressures  are  enough  to  deform  them.  Crystals 
prepared  as  cylinders  are  usually  spark  cut  to 
minimize  damage.  This  process  leaves  a  textured 
surface  that  makes  a  satisfactory  seal  impossible  to 
obtain  by  the  usual  expedient  of  press-fitting  into 
Teflon.  Other  techniques  such  as  molding  in  a  plastic, 
or  mounting  in  epoxy  cause  contamination  problems.  Any 
gap  between  the  eleotrode  and  its  mount  serves  as  a 
trap  for  abrasives,  cutting  fluids  and  other 
impurities.  A  gap  also  causes  "tilt"  to  the  baseline 
and  exposes  undesireable  faces  to  the  electrolyte. 
Recent  studies  have  shown  that  impurities  like  Cl"  or 
SOjj"2  can  materially  alter  the  shape  of  the 
electrochemical  curve  for  %he  oxidation  of  gold  at 
concentrations  less  than  10“ 'M  (1). 

A  new  method  for  mounting  cylindrical  materials 
for  use  as  rotating  disk  eleotrodes  which  eliminates 
many  of  the  problems  associated  with  more  conventional 
techniques  has  been  developed.  Originally  concieved 
for  use  with  single  crystals  as  a  combination  of  the 
pendant  meniscus  method  (2)  and  a  standard  rotating 
disk,  it  oan  be  used  with  almost  any  material  which 
can  be  prepared  in  cylindrical  form.  The  mount  uses  a 
miniature  W.W.  collet  chuck  mounted  in  a  Kel-F  body. 
The  symmetry  and  small  size  of  this  mount  permits 
rotation  at  very  high  speeds  (10,000  rpm)  without 
visible  turbulence  in  the  liquid  bulk  or  surface. 
Measurements  show  that  this  configuration  follows 
Levich's  equation  as  well  as  more  conventional  disks. 

DESCRIPTION  OF  TECHNIQUE 

Collet  chucks  are  often  used  in  lathes  where 
precise  centering  of  a  round  object  and  uniform 
pressure  on  the  outside  are  required.  They  are  usually 
made  of  a  flexible  material  with  a  conical  outside  and 
a  true  cylindrical  hole  on  the  axis.  There  are  several 
slots  (usually  three)  which  permit  the  flexible  jaws 
to  close  uniformly  on  the  disinter  as  the  chuck  is 
pulled  with  a  drawbar  into  a  mating  conical  recess  in 
the  spindle  using  a  fine  thread  on  the  back  end.  W.W. 
collets  are  small  ones  used  in  small  lathes,  primarily 
by  watchmakers  and  are  typically  available  in  sizes 
ranging  Lod  1.5  to  8  mm  with  0.1mm  intervals.  The 
standard  material  of  construction  is  a  mild  steel 
which  can  be,  for  example,  hard  gold  plated.  We  have 
had  them  made  from  Kel-F  rod  which  is  an  easily 
machineable,  reasonably  hard,  cleanable  inert  plastic. 
[The  threads  on  a  W.W.  collet  are  a  special  non¬ 
standard  .275-40  thread.  The  cone  angle  is  20°.] 

An  nose-piece  adapter  of  Kel-F  was  made  to  fit  a 
special  shaft  for  a  Pine  AFMSR  rotator  which  had  a 
1/2-20  thread  on  the  bottom  which  was  available  in  our 
laboratory.  (Other  mounts  could  of  course  be  adapted.) 
A  mating  20°  conical  seat  was  machined  into  the  nose 
with  special  care  taken  to  maintain  the  precision  of 
centering.  (Note  that  the  standard  run-out  of  a  Pine 
shaft  is  ♦  /-  0.002".  In  order  to  obtain  a  final 
accuracy  of  <  0.001"  it  was  necessary  to  bend  the 
shaft  slifcitly  while  in  the  rotator  using  a  dial 
gage.]  A  pin  in  the  Kel-F  head  mates  with  a  slot  in 
the  collet  to  prevent  rotation  while  tightening  the 


draw-nut .  Contact  to  the  sample  is  made  with  an  axial 
spring  loaded  rod,  tipped  with  Indium  to  prevent 
damage. 

Well  oriented  Au  single  orystal  electrodes  ve;e 
obtained  from  a  commercial  source,  while  others  with  a 
random  orientation  were  grown  in  the  laboratory  from 
highly  purified  Au  in  a  newly  machined  6.0  mm  I.D. 
carbon  crucible.  Polyorystalline  Au  and  Pt  electrodes 
were  pressure  formed  in  hardened  steel  molds,  and 
other  materials  were  machined  in  a  lathe.  Most  of  the 
single  orystal  samples  were  reoriented  in  a  special 
Laue  fixture  using  an  optical  autooolllmator  and 
repolisbed  with  an  orientation  better  than  0.5°.  Most 
of  the  samples  had  a  diameter  of  6.0  mm  with  faoes 
perpendicular  to  the  axis  to  <  0.0001".  Sharp  edges 
were  maintained  to  insure  proper  positioning  of  the 
meniscus. 

An  adapter  to  the  Pine  rotator  was  made  to  mount 
a  dial  gage  to  allow  reproducible  setting  of  the 
meniscus  height.  The  zero  level  was  easily  established 
by  lowering  the  rotator  assembly  until  contact  was 
made.  From  this  reference  position,  the  height  could 
be  set  using  the  dial  gage  to  better  than  0.001". 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Verification  of  the  validity  of  the  technique 
With  rotation  speeds  between  400  and  10,000  r.p.m.  was 
obtained  with  a  2x10“3M  ferri-ferrooyanide  solution 
with  0.2M  NagSOj,  used  as  supporting  electrolyte.  A 
typical  set  of  potential/current  curves  for  a  meniscus 
height  of  0.11"  is  shown  in  Fig.  1.  A  (331)  Au 
electrode  was  used,  although  the  reaction  is 
independent  of  surface  structure.  For  meniscus  heights 
between  0.125"  and  0.070"  the  curves  were  almost 
identical.  Small  differences  were  observed  at  0.050" 
and  below.  At  these  heights,  a  small  wetting  of  the 
sides  was  visible. 

With  the  electrode  centered  to  within  0.001", 
rotation  speeds  up  to  the  limit  of  the  rotator  (10,000 
r.p.m.)  were  easily  obtained  without  visible 
turbulence  in  the  electrolyte.  High  speed  photographs 
show  no  vibrations  in  the  meniscus,  although  ripples 
in  the  flat  portion  of  the  surface  were  observed  when 
the  rotation  speed  was  close  to  mechanical  resonances 
of  the  rotator-shaft  assembly.  In  contrast,  a 
commercially  mounted  disk  of  Au  which  was  carefully 
rebalanced,  centered,  trued  and  polished  could  not  be 
used  above  4900  r.p.m.  without  severe  turbulence  in 
the  cell  and  entrainment  of  numerous  small  bubbles  in 
the  electrolyte  which  tended  to  accumulate  below  the 
center  of  the  electrode.  When  the  HMRDE  was  not  as 
carefully  centered,  resonances  developed  at  lower 
speeds  (whip  distortion  of  the  shaft)  which  sometimes 
disturbed  or  broke  the  meniscus,  although  the  electro¬ 
chemical  behavior  was  not  altered  significantly  at 
lower  speeds.  Levich  plots  of  the  cathodic  limiting 
currents  for  the  HMRDE  and  a  conventional  RDE  in  the 
same  cell  and  electrolyte  are  shown  in  Fig.  2.  Both 
plots  give  slopes  which  yield  values  within  a  few 
percent  of  literature  values.  A  small  negative 
intercept  is  apparent  in  the  HMRDE  curve  that  may  be  a 
result  of  the  different  hydrodynamics. 

Turbulence  is  expected  for  the  RDE  for  rotational 
velocities  characterized  by  a  Reynolds  number,  Npe,  of 
approximately  10  ,  calculated  (3)  from  the  equation 

N„e  .  rJw/» 

where  r  is  the  radius  of  the  electrode  (and  shroud),  w 
la  the  angular  velooity  and  v  is  the  kinematic 
viscosity.  For  a  typical  radius  of  1  om,  v  =  10”  ,  the 
onset  of  turbulence  is  expected  below  10^  r.p.m.  The 
HMRDE  used  here  has  a  radius  of  only  0.3  om,  it  should 
be  expected  to  be  useable  up  to  10->  r.p.m. 
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OTHER  ADVANTAGES  OF  THE  HMRDE 

It  is  possible  to  anneal,  electropol isb  or 
otherwise  treat  the  sample  surface  before  mounting. 
This  is  not  always  feasible  with  the  electrode  already 
mounted  or  potted. 

At  the  higher  meniscus  heights,  the  meniscus  is 
constrained  at  the  edge  and  is  perpendicular  to  the 
electrode  surface.  This  eliminates  the  current  non- 
uniformity  and  frequency  dispersion  associated  with 
the  coplanar  edge  between  electrode  and  shroud  (4). 

Early  photographic  measurements  (5)  of  hydrogen 
evolution  at  a  rotating  disk  showed  that  in  a  clean 
solution  bubbles  nucleated  at  the  metal-Teflon  edge. 
This  should  not  occur  with  the  HMRDE. 

CONCLUSIONS 

An  eleotrode  mount  for  use  with  a  rotating  disk 
eleotrode  which  obeys  Levich's  equation  closely  even 
at  very  high  speeds  and  overcomes  many  of  the 
drawbacks  of  a  more  conventional  mount  has  been 
developed.  The  Teflon  shroud  that  is  usually  present 
to  preserve  the  "semi-infinite"  hydrodynamic  boundary 
conditions  does  not  appear  to  be  essential.  Extension 
of  this  technique  to  other  difficult  to  handle  systems 
(e.g.  molten  salts,  gas  evolution  and  consumption) 
should  be  easy. 
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Fig.  1.  HMRDE  cyclic  voltammetry  of  2x10“^M  ferri- 
ferrocyanide  couple  in  0.2M  Na^SOjj.  Sweep  rate: 

20  mv/sec.  Rotation  speeds  from  400  to  10,000  rpm. 
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Fig.  2.  Levich  plots  for  cathodic  process  in  Fig.  1 
(solid  triangles),  and  for  conventional  RDE  (open 
triangles) . 
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INTRODUCTION 

The  methodea  used  for  studying  ITIES 
are  chronopotentiometry ,  cyclic  voltammetry 
and  polargraphy  etc..  Among  them  triangular  wu 
wave  cyclic  voltammetry  is  used  most  widely. 
The  trapezoidal  wave  cyclic  voltammetry  was 
used  for  study  and  the  results  obtained  were 
improved. 

EXPERIMENTAL 


Cell  Electrolytic  cell  was  shown  in 

ref. 1 .  The  boundary  of  the  aqueous  and  the 
nitrobenzene  phase  in  the  cell,  which  had  an 
area  of  1. 3cm*,  was  located  at  a  distance  of 
0.2cm  from  each  tip  of  the  Luggln  capillaries. 


Chemicals  TBAC1  was  purified  before  use. 

All  other  reagents  were  analytical  grade. 

The  neutral  carriers  BTH1 1 1 7  and  ETH1 001  was 
sent  by  Prof.  W. Simon,  ETU. 


Equipment  The  four-eleotrode  cyclic 

voltammeter  controlled  with  microcomputer  was 
constructed  in  our  laboratory.  The  potential 
wave  forms  are  shown  in  fig. 1 .  The  electrolyte 
resistance  be¬ 
ta) 

!h/\ 


tween  the  tips 
>•£  Luggln  ca¬ 
pillaries  was 
compensated. 

The  experiments 
were  performed 
at  the  tempe¬ 
rature  20*1  *C. 


-K 
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I  and  trapez'  .  -I  wave(bj  voltammetry. 


RESULTS  AND  DISCUSSION 

The  facilitated  transfer  of  H*lon 
across  the  water/nitrobenzene(w/n)  interface 
by  neutral  carrier  ETH1117  is  a  reversible 
process  controlled  by  diffusion,  which  was 
studied  with  trapezoidal  wavs  cyclic  volta¬ 
mmetry  Fig. 2  is  the  triangular  wave  cy¬ 
clic  scanning  voltammogram  of  H*ion.  The 
peak  current (If )  (Fig. 2. a)  is  measured  as 
vertical  difference  between  currents  of 
curve  1  and  curve  2  at  the  peak  potentials 
(Bp).  If  the  measurement  is  correct,  the  If 
measured  should  be  independent  of  E,  and  2, . 
Fig. 3. a  is  cyolic  voltammogram  of  H*ion  when 
Eiis  fixed  but  Bals  varied  and  fig. 3.b  when 
B« is  fixed  but  E.ls  varied  at  t, -ti-0,  The 
The  result  from  fig. 3  indicates  the  Ipmea-i 

sured  by 

™-i  the  method 

■J  I  “j  I  shown  in 

r  /  2  fig. 2. a  are 

:  "*  V  dependent 

,  I  1  .  I  /  on  Bi and  B» 

o.  ’  ,,  '  .,1 so  this 

-  |  I  ^'\  method(fig. 

;  ■  j 1  ■ ‘  j1  2. a)  is  not 

-'•>  <*  '7  suitable 

f  I  far  mamma r- 

1  'I  lng  I, .  Ob¬ 

viously  , 
the  incor¬ 
rect  mea¬ 
surement 
results 
from  th« 
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Pig.}.  Cyclic  voltaanogran  of  H*  lon  under 
tae  different  B«(m)  and  B •  f t> ) .  (a):  K.-140 
.V;  B,. 530(1 ).3^0(2),J70(3i1390(4i,4l0(5)fVi 
(b):  B..4ICWV;  B.-2 ,0( 1) , I  9012) , 170(3) , *40 
(4laV;  t,.t.,0.  Composition:  e.e  Fig. 2. 


effect  of  the 
declining 
current  on  Ip 
after  B,. 

Therefore  the 
technique 
should  be  im¬ 
proved  so  as 
to  decrease 
the  influence 
of  both  resi¬ 
dual  and  de¬ 
clining  cur¬ 
rants  on  Ip. 

Me  have  tried 
to  draw  a 
curve  tangen¬ 
tial  to  curve 
2  upward  and  downward  as  a  base  line(fig.2.b). 
The  vertical  distance  froa  curve  2  to  this 
base  line  is  taken  as  Ip.  But  it  is  difficult 
to  find  out  suoh  s  suitable  curve. 

Fig. 4  is  the  dependence  of  the  Ip  on 
time,  ti  and  tp.When  t,  and  t,  are  larger 
than  about  20  sec,  I-^is  equal  to  Ipc  and  Ip 
has  a  constant  value  at  different  Bj  and  S2. 

It  shows  that  ths  Ip  measured  could  not  be 
effected  by  declining  current  and  residual 
currant  when  ti  and  t2  are  selected  properly, 
because  the  declining  current  will  decrease 

to  about  zero 
after  I-. 

The  experi¬ 
ments  show  that 
»E-  Bpa-Bpc  will 

be  nearly  a  con¬ 
stant  value  if 
both  I Epa-E2 I  and 

40  i  _  IBpo-Ei  I  are 

larger  than  70mV, 
and  t^  and  t2  do 
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currant  oorrsspondlng  to  tha  transfar 
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ti  and  t».  Composition!  Pig. 2. 


not  affect  Ep. 


Fig.6  and  fig. 6  are  cyclic  voltammograms  of 
Ca”  ion  in  the  presence  of  neutral  carrier 
BTH1001  in  the  nitrobenzene.  The  peak  cur¬ 
rent  ratio  I-m/Igc  -0.69  at  t.-t2=0(fig.5) 
and  0.95  at  ty.ttj-OO  sec(flg.6).  The  ratio, 

0.95,  agrees  fairly  well  with  the  theoretical 
one,  Ipa/Ipc  -1”’. 


CONCLUSION 


the 


Using  trapezoidal  wave  scanning. 

Ip  of  cyclic  voltammograa  can  be  measured  sim¬ 
ply,  rapidly  and  reliablly  and  ths  Ip  ratio 
can  be  used  to  elucidate  the  transfer  process. 
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NOVEL  CONDUCTING  POLYMERS  AS  OPTICAL  SWITCHES: 

TOWARDS  MICROSECOND  ELECTROCHROMIC  SWITCHING  TIMES 
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Although  novel  conducting  polymers  are  serious  can¬ 
didates  for  use  as  optical  switches  in  applications 
ranging  from  optical  interconnects  and  storage  discs 
to  laser  shielding  and  switchable  radar  absorbers  [1] 
concerted  switching  rate  measurement  and  enhancement 
studies  and  an  understanding  of  the  factors  affecting 
this  rate  are  still  lacking.  With  the  aim  of  design¬ 
ing  and  synthesizing  novel  conducting  polymers  with 
promise  as  optical  switches,  and  on  the  basis  of 
semi-empirical  quantum  mechanical  (INDO)  calculations 
indicating  very  low  bandgaps  and  considerable 
intramolecular  charge  transfer,  we  very  recently 
synthesized  a  series  of  2-Me  thiophene  (T)  deriva¬ 
tives,  two  of  which  are  U  2  (Fig.  1),  via  a  propri¬ 
etary  chemical/electrochemical  procedure. 

Electrochromic  switching  rate  studies  have  been  con¬ 
ducted  on  these  and  PP,  P3MT  controls  using  both 
chronoamperometric/chronocoulometric  analyses  and  an 
independent  electrochromic  switching  rate  apparatus 
constructed  for  the  purpose,  employing  a  65  mW  Ar  ion 
laser  (Newport),  an  ultra  high-speed  photodetector 
(Newport),  coupled  to  a  potentiostat  with  ECL  elec¬ 
tronics.  For  device  studies,  2-layer  sandwich  devices 
of  the  polymer  studied  comprising  the  polymer  depo¬ 
sited  on  an  ITO  or  Au  (ca.  70  A)  coated  glass  slide, 
a  layer  of  proprietary  polyethylene  oxide  (PEO)  based 
electrolyte  and  an  additional  ITO  or  Au/glass  slide. 
The  quasi-reference  electrode  was  either  Pt  sputter- 
deposited  on  polyimide  on  the  working  electrode,  or 
electrically  disconnected  section  of  working  elec¬ 
trode.  Devices  hermetically  sealed  with  epoxy.  Elec¬ 
trochromic  switching  rate  monitored  by  pulsing  1  V 
on  either  side  (i.e.  +/-  2  V)  of  polymer  redox  peak. 

INDO  calculations  on  1,  2,  indicate  ca.  0.1  e”  S  to 
X  CT.  Effect  of  a  number  of  parameters  on  a  prede¬ 
fined  switching  rate  were  studied,  and  it  was  found 
that  the  size  of  dopant  ion  (from  BF."  to  tosylate 
and  polyvinyl  sulfonate),  solvent  medium  (PC  ACN), 
and  substrate  (AU,  ITO,  Pt)  had  minimal  effect  where¬ 
as  film  thickness,  electrolyte  concentration  (0.2  to 
1.2  M),  preprocessing  of  substrate  with  PEO  and 
presence  of  effective  counterreaction  (with  AgClO.) 
had  maximal  effect.  Reductionof  film  thickness  frdm 
10  nm  to  ca.  1  nm  caused  2  orders  of  magnitude  drop 
in  switching  rate,  while  PEO-preprocessing  of  sub¬ 
strate  and  subsequent  leaching  out  of  PEO  after 
polymer  deposition  (yielding  better  dopant  access  to 
polymer  charge  centers)  yielded  similar  effects.  With 
1  nm  polypyrrol ium  tosylate  (PPTos)  prepared  in 
proprietary  manner,  we  observed  switching  times  of 
ca.  1.0  msec,  reversible  and  reproducible  over  300 
cycles.  Fig.  2  shows  typical  switching  curves  for 
PPTos/Au/g’ass ,  fca.  10  nm),  with  coulometric 
trace  inset.  Switched/unswitched  OD  ratios  are  ca . 

10  -80  for  PPTos,  depending  on  film  thickness  and 
history. 

In  preliminary  test*  thin  films  of  the  novel  polymers 
i  and  2  yielded  switching  times  of  ca.  0.1  msec. 
For  certain  optical  switching  applications,  e.g. 
optical  interconnects  [2],  rate  requirements  as  low 
as  l  picosec  have  been  stated.  However,  psec  rates 
will  yield  viable  switches.  It  should  be  noted 
that  our  switching  rate  is  defined  on  the  basis  of 
the  known  charge  in  deposition  of  a  film  and  known 
or  published  stoichiometry  (No.  of  electrons)  for 
a  polymer^  reduction/oxidation. 


We  are  currently  working  on  a  number  of  approaches 
and  novel  polymers  to  yield  microsecond  domain 
switching  times. 

We  are  grateful  to  the  US  Army  Medical  Research  and 
Acquisition  Activity,  (Fort  Detrick,  Frederick,  MD) 
and  the  Letterman  Army  Institute  of  Research  (San 
Francisco,  CA)  for  generous  support  of  this  work. 
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ELECTROCHEMICAL  STUDIES  OF  NEW  VIOLOGEN  COMPOUNDS 
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Compounds  of  1  ,  r-dialkyl-4,4-bipyridinium  salts 
(viologcns)  have  found  prominent  use  as  electron  media¬ 
tors  in  herbicides,  elcctrochromic  displays,  and  solar- 
energy-storage  devices  (I.  2).  Most  viologcn  studies  have 
focused  on  the  commercially  available  dimethyl  and 
dihcptyl  viologcns  (3.  4).  In  this  study,  viologcn 
compounds  represented  by 


R 


as  well  as  several  other  types  of  viologcn  compounds  were 
synthcsi/.cd  and  tested.  A  previous  study  has  shown  that 
the  elcctrochromic  properties  of  these  modified  salts  can 
be  markedly  superior  to  those  of  dimethyl  and  dihcptyl 
viologcns  (5).  The  major  electrochemical  reactions  of 
viologen  compounds  can  be  represented  by 

V2*  +  X-  +  c'  VXi  |2| 

V'X  +  C'  ■  Vi  +  X-  (3! 

where  is  the  viologcn  cation  and  X'  is  the  electrolyte 

anion.  The  electron-transfer  reactions  arc  generally 
restricted  to  the  highly  reversible  one-electron  change  to 
form  the  insoluble  salt  of  the  blue  radical  cation  (V'X). 


Most  of  the  viologen  compounds  investigated  arc 
listed  in  Tabic  I  along  with  the  reduction  peak  potentials 
(Epl-  P«ak  turrems  (Ipi.Ip2)  and  diffusion  coeffi¬ 

cients  (Dv‘2,).  as  determined  by  potential  sweep  experi¬ 
ments  The  diffusion  coefficients  arc  numerically  ahoul 
equal  lor  many  of  ihesc  c. impounds  and  yield  a  mean  valu 
of  DV2,  =  24  if). A  x  10  6  cm!/s  al  ambicnl  temperatures  (21 
10  2*4 -C )  Viologcn  A  was  barely  soluble  al  0.005  m  while 
compounds  P  and  Cl  were  insoluble  at  the  concentration 
Thc  ol’sc/v'd  Pcak  currents  suggest  solubilities  of 
O  OtUtm  and  0.0017  m  for  viologcns  F  and  G.  respectively 
Al, hough  Viologcn  B  was  readily  soluble,  a  lower  concern 
iranon  (07)038  m)  was  used  since  the  amount  of  this 
material  was  limited  Thc  aqueous  solutions  formed  were 
colorless  except  for  compounds  B  (slightly  yclluwj.  II 
< yellow),  and  I  (dark  orange). 


Cyclic  voltammctric  traces  at  various  potential 
sweep  rates  arc  shown  in  Figures  1  and  2  for  viologcn 
compounds  B  and  C  (Table  1)  on  platinum  and  gold  elec¬ 
trodes.  respectively.  Thc  voliammograms  for  viologcn 
compounds  arc  ususally  similar  for  many  electrode 
materials  (6)  Thc  conversion  of  the  radical  cation  into  a 
dimer.  2  V  ♦  — ►  (V*+)2,  provides  a  possible  explanation  for 
the  two  anodic  peaks  observed  near  -0.4  V  in  Figure  I  for 
the  scan  rate  of  100  mV/s.  Faster  scans  allow  less  time  for 
viologcn  B  to  form  dimers  while  slower  scans  show  a 
larger  dimer  oxidation  peak  (Figure  I).  Spectral  changes 
for  aqueous  viologen  solutions  have  been  attributed  to 
dimer  formation  (2.  7j  The  voltammctric  trace  lor  violo¬ 
gcn  A  also  showed  evidence  for  possible  dimer  formation 
f  ive  oxidation  peaks  were  delected  following  the  negative 
going  scan  to  -0.9(1  V  with  thc  fourth  oxidation  peak  being 
the  largest  <Ep  =  .0.38  V,  Ip  =  0  54  mA)  Compound  I)  gave 
sever.il  oxidation  peaks  that  varied  with  the  potential  scan 
rate  and  viologen  concentration,  but  unlike  f  igure  I.  the 
more  positive  peak  increased  in  si/c  at  faster  scan  rates 
•Spectral  evidence  for  dimer  formation  on  Pi  and  Au 
surfaces  has  been  reported  for  this  compound  (2)  No 
evidence  lor  .my  dimer  formation  could  he  found  m  the 
voltammctric  traces  for  viologen  compounds  c  . f  igure  2 1 
I I .  C».  II.  and  I 


The  best  viologcn  compounds  in  terms  of  clccuo- 
chromic  film  formation  and  erase  cycles  in  aqueous  0.20  p> 
KBr  solutions  were  compound  E  (1  MOO  cycles  on  Au)  ana 
compound  C  (6.500  cycles  on  Pi).  Both  of  these  viologcn 
compounds  contain  the  substituent  R’  =  o-McC6H4CH2 
(Table  I).  In  contrast,  compound  A  with  R’  =  p-MeC6H4CH2 
gave  only  10  cycles  before  most  of  the  film  became 
unerasable.  These  results  support  the  suggestion  that 
steric  effects  may  play  an  important  iole  in  the  erasability 
of  viologcn  compounds  (5).  Compound  B  gave  500  erasable 
cycles,  but  all  other  viologen  compounds  tested  yielded  less 
than  50  erasable  cycles.  Generally,  the  peak  current  (I  j ) 
was  a  good  measure  of  the  film  erasability.  hence  cycleP 
lifetime  was  determined  by  a  50%  decrease  in  the  peak 
current  (Ip  =  1/2  lp°).  The  formation  of  a  stable  electro- 
chromic  film  was  not  observed  for  compounds  H  and  I;  for 
example,  reduction  and  oxidation  cycles  for  compound  H 
gave  a  stream  of  red  product  coming  from  the  electrode. 

Although  the  electrochemistry  of  viologcn  com¬ 
pounds  D  and  E  were  reported  previously  (5).  significant 
differences  were  found  in  our  studies.  The  potentials  for 
the  first  reduction  peaks  (Epi)  were  42  mV  more  negative 
for  both  compounds  (Table  I)  than  those  reported  by 
Barltrop  and  Jackson  (5)  despite  our  use  of  a  slower  scan 
rate  (100  mV/s  vs.  1000  mV/s).  Our  peak  potential  value 
for  compound  D  (Ep|  *  -0.520  V)  shows  better  agreement 
with  recent  measurements  by  Enca  and  co-workers  (2). 
Furthermore,  our  peak  potentials  previously  reported  for 
dihcptyl  viologcn  gave  good  agreement  with  literature 
values  (6).  Calibration  of  our  SCE  reference  electrodes 
showed  agreement  within  ±2  mV  in  potential. 

Thc  diffusion  coefficients  determined  for  viologcn 
compounds  D  and  E  (Table  I)  arc  noticeably  smaller  than 
those  reported  by  Bar’.rop  and  Jackson  (5).  Thc  diffusion 
coefficients  reported  in  Table  l  were  determined  from  thc 
equation 

ip  =  3.67  xloV^A  C°D,/2vl/2  |4] 

for  the  reversible  deposition  of  an  insoluble  substance  (8) 

A  simitar  equation  for  soluble  reaction  products  would  ni  t 
be  valid  for  the  viologcn  reaction  (Eq.  2)  and  would  yield 
diffusion  coefficients  that  would  be  a  factor  of  1  81  too 
large. 

Our  preparation  of  viologen  compound  E  gave  a 
melting  point  of  279  *o  280°C  (decomposition)  while 
Barltrop  and  Jackson  report  a  melting  point  of  295  to  299 -C 
(decomposition).  It  is  well-known  that  melting  points  can 
vary  with  thc  healing  rate  when  decomposition  occur* 

Both  preparations  showed  the  expected  NMR  spectra.  The 
electrochemical  results  for  both  studies  show  that  J.l  -his 

(2-mcthylbcn/yl)-?.  -  mcihyI-4,4-bipyridinium  dibromide 

(Compound  E>  is  the  best  viologcn  in  terms  of  erasable 
elcctrochromic  cycles  in  aqueous  KBr  solutions 
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TABLE  I.  Cyclic  Voltammetric  Results  for  0.005  m  Solu¬ 
tions  of  Viologen  Compounds  in  0.20  m  KBr  at  100  mV/s 
Using  Platinum  Wire  Electrodes  (A  =  0.18  cm^.  T  =  21-24*0. 


Compound3 

Eplb 

(V) 

Ep2b 

(VI 

Ip  1 

(m  A) 

Ip2 

(mA) 

DV2+ 

(cm-/s) 

A 

-0.472 

-0.833 

0.192 

0.823 

2.3  x  10-‘ 

Bc 

-0.499 

-0.852 

0.165 

0.322 

3.8  x  10'6 

C 

-0.515 

-0.826 

0.178 

0.252 

2.0  x  10-6 

D 

-0.520 

-0.843 

0.172 

0.583 

2.3  x  10-6 

E 

-0.552 

-0.882 

0.175 

0.234 

2.2  x  10-6 

F 

-0.538 

0.119 

Insoluble 

G 

-0.615 

-0.882 

0.062 

0.152 

Insoluble 

H 

-0.408 

-0.517 

0.175 

0.262 

2.5  X  10-6 

I 

-0.592 

-0.746 

0.138 

0.162 

1.9  x  10-6 

a  A  R  =  H.  R'  =  p-McC6H4CH2 
B  R  =  H,  R'  =  P-CH3OC6H4CH2 
C  R  =  H.  R'  =  o-MeC6H4CH2 
D  R  =  H.  R'  =  QH5CH2 
E  R  =  CH3,  R  =  o-MeC6H4CH2 


H 


I 


Bis-isoquinolinium  salt  (BIQ) 


OCH3  OC 83  OCHj  OCH3 

r\  “ 


avcHj 


Tctrameihoxy  BIQ 


®  Peak  potentials  measured  versus  the  SCE  reference 
electrode. 

c  Viologen  concentration  was  0.0038  m. 


POTENTIAL/V 


Fig.  1.  Cyclic  voltammetric  studies  of  I J  -bis-(4-nictho\\ - 
bcnzyl)-4.4,-bipyridinium  dichloridc  in  0.20  m  KBr  using 
a  platinum  wire  electrode  (A  =  0.18  cm2)  and  scan  rates  of 
20.  100.  and  200  mV/s. 


Fig.  2.  Cyclic  voltammetric  studies  of  l.l'-bis-(4-mcih>l- 
bcn/.yl)-4.4'-bipyrtdinium  dibromidc  in  0.20  m  KBr  using  a 
gold  wire  electrode  (A  =  0.16  cm-)  and  potential  <‘,an  ratev 
of  50.  100.  200.  and  500  mV/s. 
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INTRODUCTION 

The  study  of  electrochromic  compounds  for  use  in 
display  devices  or  in  light  attenuation  filters  is  being 
actively  pursued  worldwide.  Recent  review  articles  on 
electrochromic  materials  and  devices  are  available  (1-2). 
One  of  the  most  promising  systems  is  based  on  tungsten 
trioxide  films  (WO3).  The  coloration/decoloration  reac¬ 
tion  arises  from  an  oxidation/reduction  of  the  film: 

WO3  +  xM+  +  xe-  MXWO3  (0  <  x  <  0.35) 

(colorless)  (blue)  (M+  =  H+,  Li+  etc.) 

The  broad  band  electronic  absorption  of  the  blue  form  has 
been  attributed  to  either  a  free  electron  transition  (3)  or  to 
a  small  polaron  absorption  (4).  The  most  common  method 
for  WO3  film  formation  is  by  vacuum  techniques  (1-4).  but 
other  methods  have  been  reported  as  well.  These  methods 
include  chemical  vapor  deposition  (5).  spin  (6)  and  dip  (7) 
coatings,  oxidation  of  tungsten  metal  (8).  and  very 
recently,  electrodeposition  from  tungsten-hydrogen 
peroxide  solution  (9).  The  deposition  observed  was 
explained  in  terms  of  solubility  differences  between  the 
peroxotungstic  acid  and  the  reduced  product,  tungsten 
trioxide  hydrate  (9).  We  have  adapted  a  variation  of  the 
method  reported  by  Yamanaka  (9)  to  produce  WO3  films 
electrochemically.  The  following  is  a  summary  of  our 
preliminary  results  on  the  film  forming  reaction,  as  well 
as  on  the  electrochemical  properties  of  the  films  thus 
formed. 


EXPERIMENTAL 

The  electrochemical  measurements  were  carried  out 
with  a  Princeton  Applied  Research  (PAR)  173  potentiosiat/ 
galvanostat  with  the  PAR  179  digital  coulometer  accessory. 
The  potential  waveforms  were  supplied  by  a  Hewlett- 
Packard  3314A  function  generator.  The  data  were  acquired 
on  a  Zenith  248  microcomputer  via  an  Analog  Device  RTI- 
815  ADC/DAC  interface.  The  electrochemical  cell  was  a 
standard  three  electrode  system  contained  in  a  dual  com¬ 
partment  cell  separated  by  a  glass  frit.  Either  a  Pi  wire 
electrode,  or  indium  tin  oxide  (ITO)  conducting  glass  (OCLI. 
Santa  Rosa,  Calif.)  was  used  for  the  working  electrode.  All 
potentials  arc  reported  versus  the  Ag/AeCI  (saturated  KC1) 
reference  electrode  which  was  used  in  this  work.  The 
tungsten  powder  (Fisher),  the  hydrogen  peroxide  (30%), 
the  LiCl04  (GFS).  and  the  propylene  carbonate  (PC) 
(Aldrich),  were  reagent  grade  and  were  used  without  any 
further  purification.  Anaerobic  conditions  were  main¬ 
tained  with  an  argon  atmosphere. 


RESULTS  AND  DISCUSSION 

The  deposition  solution  was  prepared  by  oxidizing 
tungsten  powder  with  hydrogen  peroxide.  Nominally,  2.5 
to  3.0  mL  of  30%  H2O2  was  added  to  1  g  of  W  powder  and 
allowed  to  react.  A  considerable  amount  of  the  H2O2  was 
consumed  by  chemical  decomposition,  as  evidenced  by  the 
gas  evolution.  Water,  in  1  to  2  mL  portions  was  added  three 
limes  to  prevent  excessive  frothing  of  the  reaction  mix¬ 
ture.  Finally,  the  volume  was  brought  up  to  100  ml  with 
distilled  H20. 


The  potential  applied  to  the  substrate  material  was 
.0.5  V  for  ITO  and  between  -0.5  to  -4.0  V  for  Pt.  On  plali 
num.  only  the  blue  form  was  observed,  indicating  that  the 
tungsten  oxide  film  was  not  further  reduced  to  the  lower 
oxidation  states  for  tungsten  bronze,  even  at  -4.0  volts. 
Potentials  more  negative  than  ca.  -0.7  V  on  the  ITO  could 
not  be  employed  as  the  conducting  glass  substrate  was 
reduced  to  the  metals.  The  deposition  was  carried  out  for  5 
to  60  minutes  depending  on  the  desired  thickness.  After  an 
initial  rise  time  of  around  one  minute,  the  current  was 
steady  with  time  in  these  unstirred  solutions,  and  upon 
agitation,  the  steady  state  current  only  rose  between  10  to 
30%.  The  current  density  was  4  to  5  times  higher  on 
platinum  compared  to  ITO.  This  larger  current  appears  to 
be  due  to  an  increase  in  hydrogen  ion  and  hydrogen 
peroxide  reduction  on  platinum;  gaseous  products  were 
observed  on  Pt  even  at  open  circuit.  After  film  deposition, 
and  at  open  circuit,  the  blue  films  were  rapidly  oxidized  by 
hydrogen  peroxide  to  the  colorless  form.  These  observa¬ 
tions  point  to  the  the  fact  that  the  total  current  reflects  a 
multiplicity  of  reactions.  That  is,  aside  from  the  desired 
film  forming  reaction,  there  is  solvent  reduction,  H202 
reduction,  and  a  catalytic  component  caused  by  the 
continuous  reoxidation  of  the  film  by  the  H202.  Shown  in 
Table  I  are  the  results  obtained  over  a  wide  range  of 
H2O2/W  mole  ratios.  As  can  be  seen,  there  is  no  film  depo¬ 
sition  when  the  H2O 2  concentration  is  either  too  high  or 
low.  An  overall  reaction  mechanism  to  account  for  these 
findings  will  be  shown  and  discussed. 

The  electrochemical  properties  of  the  deposited  WO3 
films  were  studied  in  1  M.  sulfuric  acid  and  in  PC/L1CIO4/ 
H20  solutions.  There  was  no  long  term  film  stability  in 
these  solvents.  Shown  in  Figure  1  arc  the  cyclic  voltam- 

mograms  obtained  in  the  PC  solution  as  a  function  of  cycle 
time.  We  attributed  the  lack  of  stability  in  PC  to  be  causeu 
by  a  solubility  of  WO3  in  PC.  Indeed,  when  the  PC  solution 
was  made  slightly  acidic,  then  film  stability  was  achieved 
for  more  than  600.000  coloration/bleaching  cycles,  as 
shown  in  Figure  2.  Shown  in  Figure  3.  are  voltammograms 
of  the  film  in  1%  and  in  3%  water  PC  mixtures.  As  is 
evident,  the  switching  kinetics  increase  with  increasing 
water  content.  Unfortunately,  the  increased  water 
increases  the  film  solubility.  Efforts  arc  underway  in 
order  to  optimize  the  solution  composition  for  maximum 
switching  speed  as  well  as  stability,  and  our  results  will  be 
shown  and  discussed. 
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Potent. c.,  s'  . s.  Ag/AgC* 

Fig.  1.  Cyclic  voltammograms  (CVs)  of  WO3  in  PC.  2%  H2O 
1  M.  LiC104  solution,  (a)  Fresh  film,  (b)  after  72fy  cycles, 
and  (c)  after  3240  cycles.  The  CVs  were  taken  between  1 
and  -1  V  at  40  mV/s  scan  rates.  A  cycle  is  a  potential 
square  wave  pulse  between  l  and  -1  V  at  0.2  Hz. 


Potent:oi,  j  vs.  Aq/AqCl 

Fig.  3.  Cyclic  voltammograms  of  WO3  in  a  PC  solution 
containing.  1  M.  L1CIO4.  0.011  M.  HCIO4,  and  (a)  0.2%.  (b) 
1.6%,  and  (c)  •!%  water.  Same  scan  rate  and  potential  range 
given  in  Figure  1.  ITO  electrode  area  =  2.2  cm-, 
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Potential,  V  vs  Aq/AqCl 

Fig.  2.  Cyclic  voltammograms  of  WO3  in  PC.  2%  H2O.  1  M. 
LiCIC>4.  and  0.014  M.  HCIO4.  After  (a)  100.000.  (b)  300.000. 
and  (c)  600.000  cycles.  See  Figure  I  for  other  experimental 
details. 
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INTRODUCTION 

Considerable  progress  has  been  made  over  the 
last  few  years  towards  the  development  of  Infrared 
spectroscopy  as  a  probe  of  the  vibrational  properties 
of  species  adsorbed  on  electrode  surfaces.  Fourier 
Transform  reflection  absorption  infrared  spectroscopy 
FTIRRAS,  represents  one  of  the  most  versatile 
techniques  for  the  acquisition  of  In  situ  data  as 
evidenced  by  growing  numerous  applications  reported 
in  the  literature. This  work  will  present  FTIRRAS 
data  for  the  adsorption  of  perchlorate  and  nitrate 
ions  on  Pt  and  Au  surfaces  from  which  important 
Information  regarding  the  interactions  of  simple 
oxyanlons  with  metal  oxide  surfaces  has  been 
obtained. 

EXPERIMENTAL 

The  electrochemical  cell  used  for  measurements 
involving  platinum  electrodes  was  obtained 
commercially , ’  whereas  that  employed  for  Au  studies 
was  designed  and  built  in  this  laboratory  (see  Fig.l) 
A  different  reflection  attachment  was  used  with  each 
of  the  cells.  These  are  depicted  in  Fig.  2.  The 
electrode  area  exposed  to  the  beam  was  of  2.8  cm^  and 
0.79  cni^  in  the  case  of  Au  and  Pt,  respectively.  All 
the  experiments  were  conducted  with  an  IR/98  IBM 
Instruments.  Inc.  Reflection  spectra  at  a  given 
potential,  RsajDple  w«re  obtained  by  adding  500  scans. 
The  data  are  presented  in  the  form  of  -AR/R,  where  AR 
-  Rgample  '  R  and  R  is  the  reflection  spectra  at  an 
arbitrary  reference  potential. 

RESULTS  AND  DISCUSSION 

Fig.  3  shows  -AR/R  vs  wavenumber  spectra  for  a 
Pc  electrode  in  a  0.1  M  HCIO4  solution.  Although  some 
changes  are  observed  In  the  region  around  1100  cm‘^f 
associated  with  the  perchlorate  asymmetric  stretch, 
^3,3  a  clearly  identifiable  peak  at  this  frequency 
could  be  observed  only  for  potentials  larger  than 
0.40  V  vs  SCE.  A  rather  similar  behavior  was  found 
in  the  case  of  Au  (see  Fig.  4).  in  which  case  the 
same  peak  was  found  to  Increase  in  intensity  at 
potentials  larger  than  1.10  V  vs  SCE.  Based  on  an 
inspection  of  the  cyclic  voltammetry  curves  obtained 
for  these  electrodes  In  each  of  Che  ceil  recorded 
immediately  prior  to  collecting  the  spectra  (see 
curves  A  and  B,  Fig.  5)  it  becomes  clear  that  the 
potentials  associated  with  the  onset  of  the  large 
abso  ption  peaks  are  close  to  those  of  the  onset  of 
oxide  formation  on  the  respp'-r  1  ve  surfaces. 

An  essentially  analogous  behavior  was  observed 
upon  addition  of  nitrate  to  the  perchlorate 
electrolyte.  In  this  case,  targe  nitrate  signals  were 
observed  at  potentials  equal  or  greater  than  those 
associated  with  oxide  formation.  In  contrast  to  the 
perchlorate  case  for  which  the  ^3  band  was  only 
slightly  v«rh  r'-fcc^  1!  c 

NO3'  asymmetric  stretch,  1/3  band  usually  found  at 
1370  cm'l  was  found  to  split  into  two  components  with 
apparent  maxima  at  1349  and  1395  cm  *V  (Figs.  6  and 
7)  This  may  be  attributed  to  a  lifting  of  the 
degeneracy  of  this  normal  mode  Induced  by  the 
symmetry  lowering  due  to  the  Interaction  of  the  ion 
with  the  oxl  'e  surface. 


It  is  Interesting  to  note  that  the  integrated 
area  under  the  perchlorate  peak  decreases  upon 
introduction  of  NO3'  in  the  electrolyte.  This 
provides  a  strong  indication  that  the  two  species 
compete  for  sites  on  the  metal  surface.  It  is 
conceivable  that  the  CIO^'  1/3  band  may  also  be  split, 
and  that  one  of  the  components  could  occur  at  a 
frequency  below  the  absorption  threshold  of  CaF2- 
Experiments  employing  a  ZnSe  window  are  now  in 
progress  to  examine  this  possibility,  as  well  as  to 
determine  whether  the  CIO4'  1/4  band  also  undergoes 
splitting  upon  adsorption  of  the  ion  on  the  electrode 
surface . 

The  type  of  anion-oxide  surface  interactions 
suggested  in  this  work  have  also  been  Invoked  in  the 
case  of  oxide  particle  surfaces  in  which  surface 
adsorption  car.  be  monitored  by  non-electrochemical 
techniques 
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The  relative  intensities  of  various  bands  in  the 
reflectance  spectra  of  the  Dow  PFSI  film  on  Pt  and  OPG 
are  strikingly  different  compared  to  its  transmission 
spectrum.  The  intensity  of  the  S-0  band  at  1?™  '■•"■I 
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Introduction 

A  perf luorinated  sulfonic  acid  ionomer  (PFSI), 
such  as  Nafion  (du  Pont)  or  a  similar  polymer  made  by 
Dow  Chemical  Co.,  has  been  used  to  form  a  thin  solid 
polymer  electrolyte  (SPE)  layer  over  smooth  and  porous 
electrode  surfaces.  Such  a  polymer  coated  electrode 
used  as  an  O2  cathode  in  different  bulk  electrolytes 
gave  improved  performance  for  O2  electroreduction 
[1.2). 

Little  direct  evidence  is  available  concerning  the 
interaction  of  the  PFSI  film  with  electrode  surfaces. 
Surface  vibrational  spectroscopy,  particularly  ex  sit u 
infrared  reflectance  absorption  spectroscopy  (IRRAS)  in 
combination  with  a  high  angle  of  incidence  (3),  has 
beer,  used  to  explore  the  nature  of  mono-  and  multilayer 
films  on  electrode  surfaces  (4).  The  present  study 
involves  the  IRRAS  technique  with  a  high  angle  of  the 
incident  p-polarized  radiation  to  investigate  the 
interaction  of  air-dried  PFSI  films  with  smooth  Pt  and 
ordinary  pyrolytic  graphite  (OPG)  substrates.  Signifi¬ 
cant  differences  were  found  between  the  reflectance 
spectra  of  the  dry  PFSI  on  the  smooth  Pt  and  OPG 
surfaces  versus  the  transmission  spectrum  of  the  PFSI 
on  a  transparent  salt-plate  support.  These  differences 
have  been  interpreted  to  be  the  result  of  a  restructur¬ 
ing  of  the  PFSI  during  film  formation. 

Experimental 

The  Pt  foil  (Puratronic  grade,  Johnson  Matthey) 
was  5cm2  (25  x  20  mm2)  in  area.  The  ordinary  pyrolytic 
graphite  plate  (OPG,  Union  Carbide)  was  12  cm2  (30  x  45 
rrm2)  in  area.  The  KRS-5  plate  (Janos  Technology)  was 
10  cm2  (50  x  20  x  2  mm^)  in  area  The  AgBr  plate 
(Janos  Technology)  was  7  cm2  (35  x  20  x  3  mm")  in 
area.  Aqueous  solutions  of  the  Dow  PFSI  (equivalent 
weight  -  560)  and  Nafion  (equivalent  weight  -  1100) 
electrolytes  were  prepared,  and  the  films  were  cast  and 
air  dried  at  22°C  as  described  elsewhere  (5). 

The  absorption  spectra  of  the  PFSI  films  on 
different  substrates  were  recorded  in  vacuo  using  an 
IBM  Instruments  Inc.  IR-98AF  Fourier  transform  infrared 
spectrometer  with  a  liquid  N2  cooled  mercury  cadmium 
telluride  (MCT)  detector.  The  spectral  resolution  was  2 
cm"'-.  For  transmission  experiments,  PFSI  films  were 
cast  on  transparent  AgBr  or  KRS-5  salt  plates;  unpolar¬ 
ized  radiation  was  used  and  the  spectra  were  refer¬ 
enced  to  the  infrared  radiation  transmitted  through  the 
bare  salt-plate  support.  For  reflectance  experiments, 
the  absorption  spectra  of  the  PFSI  films  were  obtained 
by  ratioing  the  infrared  radiation  reflected  from  the 
film-coated  surface  to  the  infrared  radiation  reflected 
from  the  bare  surface.  For  the  IRRAS  spectra,  the 
angle  of  incidence  of  p-polarized  radiation  was  75°. 

Results  and  Discussion 

Figure  1  shows  the  transmission  spectrum  of  a 
0.5  /iin  Dow  PFSI  film  cast  on  KRS-5  and  the  reflectance 
spectra  from  Pc  and  OPG.  The  transmission  spectrum 
shown  in  Fig.  1  is  quite  similar  to  the  previously 
reported  transmission  spectrum  of  Nafion  [6]  film 
except  the  Nafion  C-O-C  absorption  band  at  -980  cm'* 
is  absent  as  is  expected  for  the  Dow  polymers  (5j. 


It  was  particularly  difficult  to  compare  the 
changes  in  intensity  for  the  S-0  at  1265  cm'^  to  the 
C-F  bands  at  1200  cm‘1  with  changing  substrates, 
because  these  bands  overlap,  so  these  were  not 
considered  further. 

For  a  0.5  ji®  fil®  on  a  reflecting  metal  surface, 
the  electric  field  intensity  for  the  p-polarized  infra¬ 
red  radiation  undergoes  a  relatively  small  change  on 
going  from  the  inner  portion  of  the  film  at  the  reflec¬ 
ting  surface  to  the  outer  portion  adjacent  to  vacuum. 
Thus  for  the  0.5  m®  film,  the  reflected  radiation  is 
sensitive  to  all  portions  of  film,  when  using  the  IRRAS 
technique  in  combination  with  p-polarized  radiation. 

In  the  IRRAS  spectra  with  p-polarized  radiation, 
only  ^rational  modes  with  a  component  of  the  dipole 
derivative  normal  to  the  surface  are  ir  active  (surface 
selection  rule) . 

An  absorption  band  which  is  stronger  in  a  reflec¬ 
tance  spectrum  compared  to  the  transmission  spectrum 
(see  Fig.  1)  suggests  that  the  corresponding  vibration¬ 
al  mode  interacts  more  strongly  with  reflected  p-polar¬ 
ized  radiation  than  with  transmitted  unpolarized  radia¬ 
tion  due  to  the  orientation  of  the  vibrational  mode 
relative  to  the  surface. 

The  differences  observed  between  the  reflectance 
and  transmission  spectra  may,  therefore,  be  rational¬ 
ized  in  terms  of  a  restructuring  of  the  PFSI  during  the 
solution  casting  of  the  film  on  the  Pt  and  OPG 
surfaces.  This  restructuring  may  involve  the  formation 
of  aggregates  with  the  sulfonate  groups  tending  to 
orient  relative  to  the  reflective  surface  so  that  the 
modes  of  the  -SO3H  moieties  effectively  interact  with 
p-polarized  radiation.  Somehow,  the  orientation 
persists  for  a  significant  number  of  the  sulfonate 
groups  throughout  the  film,  e.g..  these  aggregates  may 
be  partially  crystalline. 

Simulated  spectra  (not  shown)  of  PFSI  films  on  Pt 
and  carbon  surfaces  [7]  produced  using  computer  pro¬ 
grams  developed  by  Ishida  et  al.  [8]  Indicate  that  the 
differences  in  the  observed  intensities  of  the  reflec¬ 
tion  and  transmission  spectra  are  not  principally  due 
to  optical  effects  associated  with  the  Drude- Fresnel 
equations . 

Figure  2  shows  the  IRRAS  spectra  of  a  0 . 5  *im 
Nafion  film  cast  on  Pt  and  OPG  as  well  as  the  transmis¬ 
sion  spectrum  of  a  0.5  ^ra  film  on  a  transparent  AgBr 
plate.  The  latter  is  virtually  identical  to  a  previous¬ 
ly  published  transmission  spectrum  [6).  As  was  found 
for  the  Dow  PFSI,  the  relative  absorption  intensities 
of  the  various  banas  in  the  reflectance  spectra  of  the 
Nafion  PFSI  on  Pt  and  OPG  are  markedly  different  than 
the  transmission  spectrum  of  the  Nafion  on  AgBr.  In 
the  transmission  spectrum,  the  ill  defined  S-0  asymme¬ 
tric  stretching  absorption  bands  near  1300  cm'l  are 
only  a  third  the  Intensity  of  the  C-f  absorption 
bands  near  1156  cm' ^ .  In  the  reflectance  spectrum  from 
the  PC  surface,  the  analogous  S-0  asymmetric  stretch¬ 
ing  bands  near  1328  cm'l  are  well  defined  and  have 
about  the  same  intensity  as  the  C-F  bands  near  1148 
cm'l.  From  the  OPG  surface,  the  S-0  absorptions  near 
1300  cm'l-  are  found  to  be  almost  three  times  more 
intense  than  the  C-F  absorptions  near  1160  cm'*.  It 
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appears  that  the  same  restructuring  process  suggested 
above  for  the  Dow  PFSI  films  occurred  with  Nafion. 


The  enhancement  of  the  sulfonate  absorbance  rela¬ 
tive  to  fluorocarbon  absorbance  in  the  reflectance 
versus  transmission  spectra  is  somewhat  greater  with 
the  Dow  PFSI  film  compared  to  with  the  Nafion  film 
prepared  in  the  same  way.  It  is  noteworthy  that  the 
ratio  of  the  intensities  of  the  sulfonate  to  fluorocar¬ 
bon  bands  is  -2  times  larger  with  the  Dow  PFSI 
cbmpared  to  with  Nafion.  and  that  the  number  of  sulfon¬ 
ate  groups  per  gram  of  the  Dow  PFSI  is  -  2  times  larger 
than  per  gram  of  Nafion. 

For  a  particular  PFSI,  the  ratio  of  the  intensi¬ 
ties  of  the  sulfonic  acid  to  the  fluorocarbon  absorp¬ 
tions  were  found  to  be  always  larger  for  the  reflect¬ 
ance  compared  to  the  transmission  spectra.  Comparison 
of  the  reflectance  spectra  from  Pt  and  OPG,  however, 
are  not  quite  the  same.  The  ratio  of  the  intensities  of 
the  sulfonic  to  fluorocarbon  absorption  bands  was  found 
to  be  larger  in  the  spectra  involving  the  OPG  surface 
compared  to  the  Pt  surface,  suggesting  that  the  sulfon¬ 
ic  acid  groups  have  a  tendency  for  a  preferred  orienta¬ 
tion  relative  to  the  surface,  and  that  this  orientation 
effect  is  greater  on  the  OPG  surface. 

Conclusion 

The  ratio  of  the  intensity  of  the  sulfonic  acid 
absorption  bands  to  the  fluorocarbon  bands  is  greater 
In  the  reflectance  spectra  versus  the  transmission 
spectra  of  dry  PFSI  films.  This  is  consistent  with  a 
restructuring  of  the  PFSI  during  film  formation.  Sepa¬ 
rate  aggregates  of  the  -SO3H  and  C-F  moieties  form 
with  the  sulfonic  acid  moieties  tending  to  have  a 
preferred  orientation  relative  to  the  surface.  This 
orientation  persists  for  a  significant  number  of  the 
sulfonic  groups  in  the  film.  The  ratio  of  the 
intensity  of  the  -SO3H  versus  C-F  bands  was  found  to 
be  greater  with  the  PFSI  on  OPG  versus  Pt  suggesting 
that  the  extent  or  degree  of  the  orientation  of  the 
-SO3H  groups  is  greater  with  the  OPG  surface  compared 
to  with  the  Pc  surface. 
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Fig.  1.  Vibrational  absorption  spectra  of  a  0.5 

film  of  the  Dow  (equivalent  weight  -  560) 
PFSI  electrolyte. 

Bottom:  transmission  spectrum  on  KRS-5. 
Middle:  IRRAS  spectrum  on  ?t. 

Top:  IRRAS  spectrum  on  OPG. 
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Fig.  2.  Vibrational  absorption  spectra  of  a  0 . 5  *im 
film  of  the  Nafion  (equivalent  weight  -  1100) 
electrolyte . 

Bottom:  transmission  spectrum  on  AgBr 
Middle:  IRRAS  spectrum  on  Pt. 

Top:  IRRAS  spectrum  on  OPG. 
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Introduction 

Cyclic  voltammetry  was  used  to  investigate  the 
electrochemistry  of  the  reduction  of  PuCl 3  to 
plutonium  metal  in  molten  LiCl-NaCl-CaCl^-BaCl? 
(49.7-8.0-26.5-15.8  mol  %)  containing  dissolved 
PuC 1 3 .  The  purpose  of  the  study  was  to  determine 
the  kinetics  of  the  reaction.  This  Information 
will  then  be  used  In  helping  design  electro- 
refining  equipment  for  the  reprocessing  of  core 
and  blanket  fuel  discharged  from  the  Integral  Fast 
Reactor  ( I FR) . 

The  values  of  emf  and  standard  potential  of 
the  Pu(III)/Pu(0)  couple  In  molten  PuCl 3-KCl , 

PuCl 3-NaCl ,  NaCl-KCl,  and  LiCl-KCl  electrolytes 
have  been  reported  by  several  Investigators  [1-7]. 
A  chronopotentiometric  study  of  the  Pu ( I I I) /Pu (0) 
system  in  LiCl-KCl  eutectic  has  been  made  by 
Nissen  [8].  The  diffusion  coefficient  of  Pu(III) 
in  molten  LiCl-KCl  has  been  reported  by  Nissen 
[8],  and  Martinot  and  Duyckaerts  [5].  No  previous 
Investigation  has  been  made  on  the  Pu(lII)/Pu(0) 
couple  in  the  quarternary  salt  employed  in  this 
study. 

Experimental 

The  electrochemical  cell  comprised  (a)  a  low- 
carbon  steel  crucible  (volume,  325  cm^)(  which 
served  as  the  cell  container;  (b)  a  working 
electrode  consisting  of  a  0.32-cm-diameter  metal 
(either  molybdenum  or  low-carbon  steel)  rod 
encased  in  an  alumina  tube  in  such  a  way  that  an 
apparent  surface  area  of  0.079  cm2  was  exposed  to 
the  electrolyte;  (c)  a  liquid  cadmium  counter 
electrode;  and  (d)  a  Ag/AgCl  reference  electrode. 
The  cell  was  located  in  a  furnace  well  in  the 
floor  of  a  high-purity,  argon-atmosphere  glove 
box.  Under  normal  operating  conditions,  the 
oxygen  and  moisture  levels  were  <  1  ppm;  the 
nitrogen  level  was  <10  ppm,  which  was  the  limit  of 
detection. 

The  PuC 1 3  in  the  electrolyte  was  generated 
in  situ  by  dissolving  metallic  plutonium  In  the 
liquid  cadmium,  and  then  adding  known  amount  CdCl^ 
to  the  salt  phase.  Chemical  analyses  of  filtered 
samples  verified  the  Pu  content  of  the  salt  phase. 

Single-sweep  and  cyclic  voltammetric  scans 
were  made  with  a  potentiostat  (PAR  Model  173) 
coupled  to  a  PAP  Model  175  universal  programmer. 
Current-vol tage  curves  were  recorded  with  a 
Hewlett-Packard  Model  7044-A  recorder. 

Result*-  and  Discussion 

Figure  1  shows  typical  cyclic  vol tammograms 
for  the  reduction  of  Pu(III)  to  the  metal  at  low- 
carbon  steel  electrode  at  435°C.  A  simple,  well- 
defined  cathodic  current  peak  (1pc)  was  observed. 
The  anodic  current  peak,  which  Is  sharp  and 
symmetrical,  is  characteristic  of  the  oxidation  of 
a  solid  deposit  from  an  electrode  surface. 


The  cathodic  peak  current  ( 1 pc)  was  linearly 
proportional  to  the  square  root  of  the  potential 
scan  rate  (v1/2).  Plots  of  ipc  vs.  v1'2  for 
various  temperatures  (435  to  478°C)  and  for  the 
two  different  cathode  materials  (molybdenum  and 
steel)  were  linear  and  passed  through  the  origin. 
In  addition,  the  peak  current  potentials  and  the 
separations  between  the  peak  and  half-peak 
potentials  (15  to  35  mV)  were  Independent  of 
potential  scan  rate.  These  results  Indicate  that 
the  charge-transfer  reaction  of  the  Pu (1 1 1 ) /Pu (0) 
couple  Is  reversible  and  the  reduction  rate  is 
controlled  by  diffusion  mass  transfer. 

In  general,  the  cathodic  peak  current 
increased  with  Increasing  temperature  (as  shown  in 
Fig.  2).  Over  a  temperature  range  of  435  to 
520°C,  the  Increase  In  the  cathodic  peak  current 
with  temperature  was  linear. 

The  effect  of  PuCl 3  concentration  on  the 
reduction  current  is  shown  In  Fig.  3.  When  the 
PUCI3  concentration  in  the  salt  was  Increased  from 
0.455  to  1.11  mol  X,  the  reduction  peak  current 
Increased  five-  to  tenfold. 

Standard  potentials  obtained  for  the  Pu ( 1 1 1 ) / 
Pu(0)  couple  in  this  electrolyte  ranged  from  -1.45 
to  -1.75  V  (vs.  Ag/AgCl),  depending  on  the 
experimental  conditions. 

Values  of  the  diffusion  coefficient  for 
Pu(III)  Ions  in  this  electrolyte  ranged  from  2.4 
*o  5.4  x  10-6  cm2/$  over  a  temperature  range  of 
452  to  5 20°C.  Linear  regression  analyses  of  the 
diffusion  data  indicated  that  the  diffusion 
coefficient  varies  with  temperature  in  accordance 
with  the  Arrhenius  relationship.  The  estimated 
activation  energies  for  the  diffusion  of  Pu(IIl) 
ranged  from  9.45  to  11.25  kcal/mol. 

In  general,  the  results  of  this  study  are  in 
reasonable  agreement  with  earlier  data  obtained 
with  other  molten  chloride  electrolytes  [1-8], 
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FIG.  2.  Effect  of  Temperature  on  Vol tammograms 
for  the  Reduction  of  Pu(III)  at  a  Low- 
Carbon  Steel  Eiectrode. 


FIG.  3.  Effect  of  PuC 1 3  Concentration  on 
Vol tammograms  for  the  Reduction  of 
Pu(III)  at  a  Low-Carbon  Steel  Electrode 
at  485°C. 
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In  Situ  UV-Vis  Difference  Spectroscopy 
of  Electrode/Electrolyte  Interface 
with  Integating  Sphere  Assembly 
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Chongqing  University 
Chongqing,  Sichuan,  CHINA 


Introduction 

In  recent  years,  it  has  made  some  progress 
that  Fourier  transform  infrared  (FT-IR) 
difference  spectroscopy  measured  potentiost- 
atically  is  utilized  to  simulate  the  poten¬ 
tial  modulation  infrared  spectroscopy( 1 ) .  A 
similar  technique  is  also  used  in  ultravio¬ 
let  visible  (UV-Vis)  reflection  spectroscopy 
.  An  in  situ  UV-Vis  difference  spectroscopic 
measurement  of  electrode/electrolyte  inter¬ 
face  with  integating  sphere  reflection  asse¬ 
mbly  is  described  in  this  paper. 

Experimental 

The  equipment  is  a  Shimadzu  UV-240  ultravio¬ 
let  visible  spectrophotometer  controlled  by 
microcomputer.  The  electrochemical  cell 
newly-designed  can  be  installed  in  the 
SAMPLE  position  of  integating  sphere  assem¬ 
bly.  The  REFERENCE  was  a  stsndari  white 
plate  (MgO  powder).  Optical  window  was  made 
by  quartz.  The  working  electrode  was  a  piece 
2 

of  10x10mm  platinum  cleanly,  no  polishing. 

A  platinum-wire  loop  counter  electrode  and  a 
saturated  calomel  reference  electrode  were 
used. 

At  first,  the  reflectance  Ro  at  the  base 
potential  (E®)  was  obtained  in  this  measure¬ 
ment,  then  R  at  other  potentials  (E).  Reflec¬ 
tance  relative  change  AR/R  was  calculated 
from  H  and  R®. 

Results  and  Discussion 

Fig . 1  shows  the  diffusion  reflection  diff¬ 
erence  spectra  of  Pt  in  solution  containing 
0.1M  sodium  fluoride(NaF)  and  0.01M  pyridine 
( C^H^N ) .  The  spectrum  changes  within  280-^80 
nm  is  the  electroref lection( ER)  of  platinum 
surface  oxidized,  which  Is  related  to  the 


applied  potential. 

With  the  increase  of  potential,  reflectance 
(R)  remains  constant  from  200nm  to  280nm, 
which  is  the  strong  absorption  region  of 
pyridine.  In  the  same  time,  a  new  band  appe¬ 
ars  at  700nm.  These  may  be  the  characteris¬ 
tic  of  pyridine  7t-adsorption  on  platinum 
surface,  especially  at  more  positive  poten¬ 
tial  platinum  was  oxidized  and  has  the  empty 
d-orbit  (2).  In  the  absence  of  pyridine  , 
above  phenomena  have  not  been  found. 

The  experimental  results  indicated  that  in 
situ  UV-Vis  difference  spectrum  technique  can 
act  as  a  kind  of  electrochemically  modulated 
spectroscopy.  Furthermore,  this  method  will 
be  developed  to  study  the  oxidation  and 
corrosion  on  metal,  for  diffusion  reflection 
measurement  wit:  integating  sphere  assembly 
is  favourable  to  rough  surface. 
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Fig.1  Diffusion  reflection  difference  spectra 
of  platlnum/0. 1 M  sodium  fluoride  0.01M  pyr¬ 
idine  interface.  Base  potential:  -0.2,  app¬ 
lied  potential:  a  0.3;  b  0.5;  c  0.8V  vs.SCE. 
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LASER  INDUCED  PHOTO-DEPOSITION  OF  METAL 
ON  Ti02  FILMS 

C.  H.  Paik,  M.  R.  Kozlowski,  P.  S.  Tyler,  and  W.  H.  Smyrl* 
Corrosion  Research  Center,  and 
Depanment  of  Chemical  Engineering  and  Materials  Science 
University  of  Minnesota 
Minnepolis.  MN  55455 

Photo-deposition  of  palladium  was  observed  to  study  the 
structure/property  relationship  of  semiconducting  titanium  dioxide 
(TiOi).  Thin  anodic  films  of  the  oxide  (  20  nrn)  grown  on  a 
polycrystalline  Ti  metal  substrate  were  immersed  in  an  aqueous 
solution  of  PdCl2,  and  illuminated  by  a  UV  laser  (X  =  351  nm). 
Light  absorption  within  the  semiconducting  TiO,  generated  e7h+ 
pairs  which  further  participated  in  an  electrochemical  reaction  at  the 
oxide  surface.  Holes  at  the  surface  reacted  with  a  solution 
component  (methanol),  while  electrons  reacted  with  Pd*2  ions  in 
solution  to  yield  Pd  metal  at  the  site  of  the  reduction  reaction, 
leaving  a  footprint  of  available  electrons  at  the  surface.  Pd  was 
deposited  on  the  oxide  surface  in  lines  with  a  width  defined  by  the 
resolution  of  the  focused  laser  beam  (diameter  5- 

It  was  first  found  that  the  deposition  matched  closely  the 
illumination  patterns.  Metal  deposited  on  the  illuminated  sites,  and 
obeyed  the  photocatalytic  effect  -  a  preferential  deposition  on  an 
already  deposited  Pd  metal  sites  as  opposed  to  a  bare  Ti02  surface 

HI. 

The  second  observation  was  that  the  electronic  properties  that 
control  metal  deposition  were  dependent  on  the  oxide  crystal 
structure.  Oxides  were  prepared  at  different  degrees  of  crystallinity 
influenced  by  their  growth  rate  of  anodic  polarization.  Electron 
diffraction  has  been  used  to  show-  that  slowly  grown  oxide 
Inm/h)  results  in  a  crystalline  film  while  the  rapidly  grown  films 
are  amorphous  or  microcrystallinc.  Metal  deposition  was  found 
noticeably  greater  on  a  slow-ly  grown  Ti02  film  than  on  a  rapidly 
grown  film.  Two  proposed  factors  that  influence  this  dependence 
are  greater  UV  light  absorption  and  longer  diffusion  length  of  the 
photocxeiied  electrons  for  the  slowly  grown  film.  Greater 
electron-diffusion  lengths,  or  longer  survival  of  the  electron  before 
recombination,  can  be  provided  by  more  crystalline  oxides. 

The  third  and  most  important  observation  is  to  note  a  dramatic 
change  of  morphology  of  Pd  deposition  on  oxide  grown  on 
adjacent  Ti  grains.  Scanning  Electron  Micrographs  of  a  Pd  line  on 
two  adjacent  grains  is  shown  in  Figure  1.  Along  with  a  clearly- 
defined  difference  in  deposition  pattern  from  one  grain  to  the  other, 
the  particle  size  of  the  Pd  deposit  was  also  different  on  the  two 
oxide  areas.  The  change  in  deposition  morphology  were  caused  by 
different  surface  energy  states  available  to  accomodate  the  electrons 
for  the  reaction.  Such  variations  of  energy  states  are  proposed  to 
be  caused  by  different  defect  densities  in  the  oxide  in  the  form  of 


oxygen-vacancies  or  titanium  interstitials  [2,31.  5  nee  intially 
photoexcited  electrons  can  recombine  or  diffuse  toward  the  surface, 
such  defects  provide  sub-bandgap  states  that  influence  rates  of 
recombination,  and  thus  available  electrons  at  the  surface.  Hence, 
metal  deposition  reveals  the  heterogeneities  of  defect  concentrations 
in  the  oxides  that  grow  on  different  grains  of  the  metal  substrate. 

To  explore  the  possibility  that  metal  deposition  would  probe  the 
crystal  size,  crystal  ordering,  and  defect  concentration,  two 
additional  experiments  were  done:  different  metals  (Pi.  Ru.  and  In 
deposited,  and  Ti02  was  grown  to  different  film  thicknesses  for 
substrates.  Different  metals  were  deposited  on  the  surface  to 
compare  the  redox  potential  of  each  metal  that  could  be  deposited 
with  the  energy  states  in  the  film.  In  addition,  thinner  films  of  TiO- 
were  found  to  have  higher  degrees  of  heterogeneity  and  were  most 
strongly  influenced  by  the  polycrystalline  Ti  metal  substrate.  More 
dramatic  changes  in  the  morphology  of  the  metal  deposition  was 
observed  from  one  grain  to  the  other  w  ith  thin  oxide  films. 

In  summary,  photo-deposition  of  metals  was  found  to  be 
dependent  on  both  the  crystal  size,  ordering,  and  the  morphology 
of  suhstrate  TiO,  films.  This  dependence  was  used  to  prohe  the 
heterogeneities  of  the  thin  semiconducting  films  on  Ti  metal. 
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Figure  1.  SEM  micrograph  of  l\i  deposition  pattern  obtained  from 
focused  illuminatio  of  an  oxide  film  grown  to  5V  at  0  1  tnV/s, 
laser  power  3m\V.  Internal  scanning  speed  0.1  uni's.  1MCI, 
concentration  tOrnM. 
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In  order  to  identify  the  energy  levels  of  the  defects,  the  oxides 
were  characterized  by  photoelectrochem  cal  spectroscopy  and 
photoacoustic  spectroscopy. 

The  influence  of  metal  phoiodeposition  on  the  phetoresponse  of 
the  semiconducting  films  is  also  considered.  This  includes  the 
influence  of  the  Pd/TiC>2  interface  and  photo-assisted 
electromigration  of  defects  (51  in  the  oxide  as  a  result  of  extended 
focussed  laser  illumination. 

Acknowledgement.  This  work  was  supported  by  DOE  Agreement 
No.  DOE/DE-FG02-84ER45 173.  R.A.  would  like  to  thank  the 
support  of  the  Yugoslav -American  Fund  for  Scientific  Cooperation. 
DOE  Grant  No.  675. 


An  understanding  of  the  local  properties  o  bin  semiconducting 
oxide  films  is  important  in  the  areas  of  microelectronics,  corrosion, 
catalysis,  and  solar  energy  conversion.  We  report  here  the  results  of 
a  study  of  the  local  photoelectrochemical  and  structural  properties  of 
thin  (<20  nm)  Ti02  films  grown  by  anodic  polarization  of 
polycrystalline  titanium  substrates.  The  principal  technique  used  in 
the  investigation  was  photoelectrochemical  microscopy  (PEM). 
PEM  is  a  quantitative  in-situ  technique  which  utilizes  a  focussed 
laser  beam  to  measure  local  photocurrents  in  semiconducting  films 

1 1-3]. 

The  photoelectrochemical  properties  of  thin  anodic  TiC>2  films 
grown  on  polycrystalline  titanium  substrates  have  been  shown  to  he 
heterogeneous  and  dependent  on  the  oxide  growth  rate  and  the 
crystallography  of  the  underlying  titanium  substrate  |1-3|.  By 
combining  PE\1  data  with  that  of  structural  studies  and  local  metal 
photo-deposition  studies  on  these  same  films,  a  model  is  evolved 
which  attributes  the  heterogeneous  photoelectrochemical  properties 
of  the  oxide  to  variations  in  the  oxide  defect  structure. 

For  oxides  grown  slowly  (-1  nin/h),  by  ramping  the  potential  of 
the  metal  substrate  at  0.1  mV/s,  the  oxide  photorcspon.se  was  found 
to  map  the  grain  structure  of  the  underlying  titanium  substrate.  As 
the  oxide  growth  rate  was  increased  the  photoresponse  became  mom 
homogeneous  and  the  average  photocurrent  decreased.  Similarly, 
electron  diffraction  studies  of  the  oxides  showed  that  the  oxide 
structure  was  also  dependent  on  the  oxide  growth  rate  and  the 
substrate  crystallography.  The  slowly  grown  films  had  an  ordered 
rutile  structure  with  a  preferred  growth  direction  evident  on  some 
substrate  grains.  As  the  oxide  growth  rate  was  increased  the  oxide 
structure  became  more  homogeneous  and  the  oxide  crystallite  size 
decreased.  The  decrease  in  oxide  crystallinity  with  increase  in 
oxide  growth  rate  was  also  observed  in  photospectroscopy 
measurements  as  a  loss  of  the  3.7  eV  direct  bandgap. 

Studies  of  local  phoiodeposition  of  Pd  on  these  same  oxides  has 
shown  that  the  metal  deposition  was  also  dependent  on  the  oxide 
growth  rate  and  the  crystallography  of  the  underlying  titanium 
substrate  |4|.  The  morphology  of  the  metal  deposition  pattern 
changed  abruptly  at  the  grain  boundaries  of  the  substrate.  The 
correlation  of  the  metal  deposition  morphology  with  the  local 
photocurrents  measured  on  these  areas  using  PEM  showed  that  the 
heaviest  deposition  occurred  on  the  oxide  areas  with  the  lowest 
photocurrents. 

The  oxide  properties  are  also  sensitive  to  the  preparation  of 
the  metallic  substrate.  For  the  films  discussed  above  the 
polycrystalline  titanium  substrate  was  polished  down  to  0.05  pm 
alumina  and  then  etched  with  an  aqueous  solution  of  29c  HF  and  49 
HNO3.  If  the  etched  substrate  was  lightly  ion  milled  prioi  to  oxide 
growth  the  resulting  oxide  had  homogeneous  photoclcctrochemical 
properties. 

We  propose  that  the  local  variations  in  the  photoelectro¬ 
chemical  properties  of  the  oxide  Films  arc  due  to  variations  in  the 
density  of  defects  in  the  oxide.  These  defects,  such  as  oxygen 
vacancies  or  titanium  interstitials,  generate  sub-bandgap  electronic 
states  in  the  bulk  and  at  the  oxide  surface.  The  sub-band^ap  states 
act  as  recombination  centers  producing  low  photocurrems  in  areas  of 
high  defect  density.  These  defects  produce  surface  states  which 
increase  the  density  of  electrons  available  for  the  reduction  of  metal 
ions  at  the  oxide  surface.  The  same  defects  may  therefore  lead  to 
low  photocurrcnts  anil  high  rates  of  Pd  deposition.  The  density  of 
the  defects  is  controlled  by  the  structure  of  the  oxide  film  and  is 
therefore  dependent  on  the  oxide  growth  rate  and  the  crystallography 
of  the  titanium  substrate. 
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Even  in  very  low  concentrations,  deep  level  electronic 
state*  present  within  the  hulk  of  a  semiconductor  or  at  the  sur¬ 
face  c  an  have*  a  large  impact  on  photoelectrochetnical  process¬ 
ing  and  are  frequently  detriment;*]  to  the  performance  of  high 
speed  devices  The  capacity  obtained  from  A.C.  impedance 
spectroscopy  conducted  tinder  monochromatic  sub  hand  gap 
illumination  has  been  used  to  identify  the  energy  levels  asso¬ 
ciated  with  these  states.1  hut  tins  technique  is  not  sensitive 
to  low  concentrations4  and  does  not  provide  information  on 
the  density  and  distribution  of  these  states.  Through  devel¬ 
opment  of  comprehensive  transport  based  mathematical  mod¬ 
els  of  fl»«-  impedance  response  of  the  semiconductor,  we*  have 
shown  that  the  resistive*  component  of  the  impedance*  response* 
is  much  more*  sensitive*  to  these  state*s  than  is  the*  capacitive 
coiupou«*nt.  This  result  has  b«*en  reported.4  hut  the*  re*sistive* 
component  i*  much  more*  elitiicult  to  interpret  than  is  the*  ca 
pacitive*  term.  An  approach  is  being  ele*velope*d  to  use*  beitii  the 
resistive*  and  capacitive*  components  eif  the*  impedance*  response* 
to  determine*  the  e*ne*rgy.  density,  distribution,  anei  recombina¬ 
tion  rate  constants  asse»cjateel  with  <i**e*|>  le*vel  electronic  de- 
fe*cts.  This  may  have*  application  to  in  .<i lu  characterization  of 
se*mice>nductor  e*le*ctroIyle*  interfaces  and  to  ine*xpe*nsive  non 
<le*st  ru#*t  ive*  sr  ironing  of  raw  mate*rial  use*d  in  elevire  fahricat ie»n. 

Hie  appr<>a<*li  take*n  here*  was  te»  develop  a  niath»*ma»ical 
tuoelel’  whie'h  ace’emnts  explicitly  for  the*  transport  an«l  recoin 
lunation  reactions  involving  e*le*ctre»ns.  holes.  and  eleetronic  <!<•- 
feets  locateel  within  the  hanelgap.  This  model  was  use*el  to  eval¬ 
uate  the  effect  of  eleep  le*vel  state-s  on  the  impe*elanre*  re*s[>r>nse* 
of  an  ideally  polarizer!  semiconductor  electrode  and  to  guiele  <le 
velopment  of  appropriate*  analytic  asymptotic  solutions.  The* 
met  hoe  1  that  is  proposed  here  for  interpreting  the  impedance 
response*  under  sub  baud  gap  monochromatic  illumination  in 
terms  of  defret  state's  is  preliminary  in  that  it  applies  only  to 
single*  de  fe  ct s  of  a  single*  rnergv.  This  work  will  he*  extended  to 
arcount  for  multiple  defects  and  to  defects  characterized  bv  a 
continuous  elistrilmtion  of  e*nergy  |e*ve*ls. 

The*  parameters  use*d  ill  this  study  correspond  to  an  n  type 
GaAs  e*lect«ode.  A  typical  calc\ilate*el  Nyquist  plot  is  shown  in 
Figure-  1  Tin*  circle's  correspond  tei  calculated  points  for  dif¬ 
ferent  frequencies  and  applies!  potentials.  The  solid  line  rep 
re*sents  the*  curve*  fit  of  the  calculated  points  to  an  equivalent 
electrical  circuit  shown  in  Figure  2.  This  equivalent  circuit, 
which  matches  our  cale*ulatieins  for  hulk  dee*p  level  states,  is 
the*  same  as  that  given  by  Dare  Edwards  rt  al. 7  for  surfarr 

states. 


•  Regression  techniques  were  used  to  match  the  impedance 
data  to  the  impedance  response  of  the  equivalent  electrical 
circuit  shown  in  Figure*  2.  This  provided  values  for  the 
space*  charge  parameters  (R2  and  C2)  and  the  deep-level 
defect  parameters  (R i  and  C| ). 

•  In  accordance  with  standard  Mott-Schottky  theory,  ( 1  /C2  )2 
was  plotter!  against  applied  potential.  The  slope  yielded 
the  doping  level  .\^  —  Att.  and  the  intercept  yielded  the 
fiat  band  potential. 

•  The  product  7?iC,  at  the  flat  band  potential  in  the  dark 
is  equal  to  { A*4 ( A —  .V4)]“‘.  This  gave  us  Jt4,  the  rate 
constant  for  transfer  of  electrons  from  the  conduction  band 
to  the  inter  band  defect. 

•  Sharp  transitions  in  R ]  as  a  function  of  illumination  fre¬ 
quency  yielded  the  energy  gap  associated  with  a  transi¬ 
tion.  From  this  we  calculated  the  trap  energy  Er .  In 
previous  work.1'1  changes  in  capacity  were  used  to  ob¬ 
tain  this  parameter,  hut  the  resistive  term  was  much  more 
sensitive  to  low  concentrations  of  defects. 

•  The  trap  energy  was  used  to  calculate  the  equilibrium 
value  for  through  equilibrium  expressions  (see  Figure  3 
for  a  schematic  representation  of  the  kinetic  scheme  con¬ 
sidered  here). 


•  The  value  of  Rx  at  the  flat  band  potential  in  the  dark 
yielded  the  average  concentration  of  defect  states  through 
an  asymptotic  expression,  i.r., 


Rx 


2  RT 

F\k,CZ‘ 


(1) 


where  X  is  the  semiconductor  Debye  length  and  Cj,  is  the 
state  concentration.  This  concentration  reflects  a  weighted 
average  over  several  Debye  lengths  in  the  semiconductor 
near  the  surface.  State  concentrations  calculated  through 
this  method  (solid  bullets)  are  compared  to  input  distri¬ 
butions  in  Figure  4. 

As  in  standard  C  —  V  profiling,  which  uses  changes  in  the 
capacitive  component  with  applied  potential  to  obtain  the 
dopant  distribution,  changes  in  the  resistive  component  of  the 
impedance  with  applied  potential  indicate  the  state  distribu¬ 
tion. 


Discussion 

The  method  proposed  here  is  still  preliminary  and  re¬ 
quires  experimental  verification.  The  coupling  of  comprehen¬ 
sive  mathematical  models  with  experimental  data,  however, 
may  yield  a  way  to  interpret  the  resistive  component  of  the 
impedance  which  is  much  more  sensitive  to  deep  level  states 
than  is  the  capacitive  component. 
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Figure  1.  Calc  ulated  Nyquist  plot  for  an  n  type  GaAs  elec¬ 
trode  with  a  uniform  doping  level  of  10'6  cm-3,  an  inter  band 
state  energy  of  1.1  eV  referenced  to  the  valence  band,  and  a 
uniform  inter  baud  state  concentration  of  10'*  mi"  .  The  re¬ 
sistive  component  is  much  more  sensitive  to  deep  level  states 
than  is  tin-  capacitive  component.  Note  the  logarithmic  scales 
used. 


Figure  2.  Equivalent  electrical  circuit  matched  to  experimental 
data. 


Electronic  Transitions 


Figure  3.  A  schematic  representation  of  the  recombination  and 
generation  kinetics  studied  here.  The  trap  energy  is  used  to 
calculate  the  value  for  k%  through  equilibrium  expressions. 
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Figure  4.  Comparison  of  input  deep  level  state  distributions 
and  concentrations  calculated  through  the  method  proposed 

here. 
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results. Using  sputtering  techniques  ZnO 
films  have  been  prepared  whose  coupling 
constant  is  close  to  those  of  single 
crystal  ZnO  t 1 ]. 

The  operational  frequency  is  a 
function  of  resistivity  and  a 
relationship  is  given  as  follows.  Under 
depletion  or  accumulation  conditions 
frequency  at  which  device  performs  is 
12). 

f  <<  1  /td  (  1  ) 

where  td  is  the  dielectric  relaxation 
time  which  is  given  by 

td=£o  p  {2] 

where  £0  is  the  dielectric  constant  and 
p  is  the  resistivity  of  ZnO.  If  we 


The  fact  that  lithium  doping 
increases  resistivity  while  the 
concentration  of  Zrij  +  or  VQ+  is 
increased  demonstrates  the  loss  of  donor 
states.  A  complete  replacement  reaction 
is  as  follows, 

2Li£.<?e'  +  Znzn  =  Liz*  +  L£*n  ♦Znf.e'  (91 

Thus  two  donors  (Li^)  are  replaced  by  one 
Zn,  giving  more  donors  than  in  the 
original  crystal.  Lander  [9]  reporated 
that  in  equilibrium  the  concentration  of 
V0*  and  Zn |  must  decrease  which  is 
contradicted  by  e  q  n . (  9  )  .  This 
controversy  can  be  explained  by  the  loss 
of  Zni  with  its  electron  which  diffuses 
out,  thus  causing  an  increase  in  the 


increase  resistivity  we  can  decrease  cne 
operational  frequency.  Resistivity 
values  vary  from  10**  to  10'  Ohm-cm 
depending  upon  sputtering  conditions 
ie  by  changing  the  ratio  of  argon  and 
oxygen  gases  [3]  and/or  by  doping  Li 
using  Li  compounds  [ A ]  and  by  using  Li 
doped  targets  [5.6].  Maximum  value  of 
resist},  vi  ty  reported  by  Tadashi  Shiosaki 
is  JO1’  Ohm-cm  usi.,g  Li  targets. 

Li  diffusion  is  carried  out  by 
bubbling  oxygen  gas  through  saturated 
solution  of  Li^CO-j  in  DI  water  ILipCO-j 
solution  is  kept  at  95°C  during 
bubbling). Temperature  for  diffusion  is 
500°C  and  600°C  for  A5  min.  followed  by 
oxygen  anneal  for  15  minute  at  the  same 
temperature.  The  patterns  were  defined 
by  lithography  for  metallic  contacts. 
Resistivity  was  measured  using  the 
formu la 

p  =  R  A  /  L 

=  R  W  t  /  L  (3) 

Remeasured  resistance  ,W=width  of  the 
device,  L=length  of  the  device  and 
t=thickness  of  the  ZnO  film.  Surface  and 
bulk  resistivities  of  ZnO  film  were 
measured . 

Resistivity  of  ZnO  film  obtained  is 
of  the  order  of  10-10'  Ohm-cm  (bulk 
resistivity)  and  after  doping  1  0  -  t  0  ® 
Ohm-cm  resistivity  is  observed,  while 
surface  resistivity  is  found  to  be  of 
the  order  of  10-10**  Ohm-cm.  Resistivity 
of  ZnO  film  prepared  by  sputtering 
technique  decreases  with  increasing 
temperature  [71.  ZnO  is  an  n- type 
material  due  to  excess  zinc  in  the  form 


resistivity.  « u  s  snows  a  less  intense 
peak  at  990  eV  and  a  shift  in  doped  ZnO 
samples  which  is  interpreted  as  the  loss 
of  Zn  and/or  an  increase  in  the  O/Zn 
ratio.  IR  spectra  show  the  peak  of  L 1  - J 
in  the  doped  ZnC  films  which  is  not 
observed  in  the  undoped  ZnO  clearly 
indicating  Li  replacing  lattice  sites. 
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Introduction 


The  phocoreaponse  of  the  stainless  steel 
in  neutral  medium  was  identified  in  previous 
reports.  Photorusponse  measured  in  acidic 
medium  has  not  been  reported.  In  this  work  we 
obtained  the  photoresponse  in  acidic  medium 
when  Cl"  ions  were  added  into  0.5M  H, S0«  so¬ 
lution.  The  photocurrent  increased  gradually 
when  the  total  current  increased  rapidly.  To 
the  best  of  authors’  knowledge,  no  work  has 
been  found  on  this  topic. 

Experimental  Methods 


All  experiments  were  performed  on 
lCrl8!li9Ti  type  stainless  steel  electrode 
with  diameter  of  0.5  cm.  The  electrode  was 
sealed  with  epoxy  resin  (DEVCON),and  only  the 
working  area  was  exposed . Before  using  in  e&ch 
experimert.it  was  polished  with  emery  papers 
to  mirror-like  brightness,  then  rinsed  with 
alcohol  and  distilled  water  separately ( 1 ). All 
solution--  were  deaerated  with  purified  ni¬ 
trogen.  The  reference  electrode  was  Hg/HgjClj 
in  the  same  solution  and  all  potentials  re¬ 
ported  here  were  referred  to  the  normal  hy¬ 
drogen  electrode  (1IHE)  .  The  light  source  was 
40  watt  halogen-tungsten  lamp  with  light  in¬ 
tensity  of  81  mw/cm1  .  The  photocurrents  mea¬ 
sured  with  chopper  frequency  11. l  Hz  were 
interfaced  to  IBM-PC/XT  computer  after  it  had 
been  amplified  by  lock-in  amplifier  (PAR 
115206,  time  constant  of  low  pass  filter  is  3 
seconds) .  T>  computer  had  the  functions  of 
data  discrim,  ition  and  data  averageing.  All 
measurements  were  conducted  at  room  tempera¬ 
ture  of  21±2°C  with  circuit  improved  on  the 
basis  of  (2,3)  (see  Fig.l) 

Results  and  Discussion 

Fiq.2  shows  the  variation  of  the  photo¬ 
current  1  p*  and  total  current  I,  with  time. 
The  electrode  was  passivated  in  0 . 5M  H,SO«at 
0.70  V  for  10  minutes,  no  photoresponse  had 
been  detected  in  this  period .Concentrated  KCl 
was  added  at  zero  second  to  0.4M,  three  cu¬ 
rrents  were  measured  chronometrically  (photo¬ 
current  I Ph  ,  the  readout  of  the  same  Ip*  when 
light  was  chopped  off  manually  and  the  total 
current  passinq  the  electrode  Ir),From  Fig. 2, 
it  reveals  that  Ip*  can  be  stabilized  at  zero 
for  some  time.  This  relates  to  the  induction 
time  of  pitting.  Afterwards  lp*  start  in¬ 
creasing  at  about  360th  second  and  relevant 
total  current  also  increased  gradually.lt  ob¬ 
viously  meant  that  pitting  started.  From  the 
fact  that  Ip*  still  decreased  to  2ero  as  liqht 
was  chopped  off, we  confirmed  that  Ip*  measured 
was  real  photocurrent.  No  other  reason  such 
as  instrumental  characteristics,  electric 
noise  etc.  may  be  account  for  this  Ip*  . 

Fig.  3  shows  the  typical  results  in  the 
case  that  the  electrode  was  directly  inserted 
in  0 . 5M  H jS04  +0.35M  KCl  solution  at  0.70  V 


and  all  currents  were  measured  at  once.  ?r. 
induction  time  of  pittinq  was  shorter  than 
that  of  Fig.  2.  The  photocurrent  was  increase.: 
gradually  still  the  same  as  the  total  current 
increased  rapidly.  The  light  was  chopped  on 
and  off  manually  at  periods  of  60  seconds  for 
each  case . Apparently  we  still  obtained  'true 
Ip*  because  this  lp*  decreased  to  almost  zert 
when  light  was  off. 

Fig. 4  shows  the  results  when  the  elec¬ 
trode  surface  was  illuminated  continuously . 
All  other  experimental  conditions  remain  . 
similar  to  Fig.  3.  The  increasing  rate  of  I;./. 
and  I,  are  larqer  than  that  of  Fia.3.  A  po¬ 
ssible  partial  exploration  is  photocorrosion. 

Fiq.5  shows  the  influence  of  concen¬ 
tration  of  Cl"  ions  where  it  was  chanced  to 
0 . 30M. In  this  case  the  compecation  of  the  two 
processes  (forming  of  pittina  and  repairing 
of  film  on  the  electrode  surface)  resulted  ir. 
the  fluctuation  of  I,  .  IPh  also  fluctuated 
correspondingly  and  became  noisy.  We  found 
0.30M  of  Cl  of  the  above  phenomenon  is 
critical  concentration. 

In  Fig. 6, the  solution  was  not  deaerated 
with  purified  nitrogen.  The  increasina  rate 
of  I,  was  slower  than  that  of  Fig. 5.  it  re¬ 
sulted  from  elimination  of  fluid  movement  due 
to  nitrogen  bubbling. 

The  lp*  measured  were  always  position, 
this  was  due  to  the  n-type  semiconducti ve 
property  of  the  electrode ( 4 ) .  We  believe  the 
increase  of  lp*  when  Cl"  existed  in  solution 
was  mainly  the  result  of  oxygen  ions 
of  the  passive  film  partly  replaced  by  chlo¬ 
ride  ions  (5).  Chanaes  of  related  energy 
levels,  band  qap,  surface  states  as  well  as 
concentration  of  charge  carriers  may  be  also 
responsible  for  this  effect.  Ho  conclusion 
should  be  made  at  this  moment, but  the  present 
method  can  probably  be  used  to  detect  the  in¬ 
duction  period  of  pittina  and  study  the 
chanaes  of  composition  and  structure  of  the 
electrode  surface  when  Cl~  ions  were  added. 
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INTRODUCTION 

Photoelectrochemical  etching  can  be  a  technique  for 
producing  microstructures  In  semiconductors  with  a 
high  aspect  ratio  and  lateral  uniformity.  As  an 
example  of  this  application,  we  have  reported  recently 
on  producing  sawtooth  gratings  In  (100)  oriented  crys¬ 
tals  of  n-GaAs  using  this  method  (1].  The  process 
takes  advantage  of  the  orientational  dependence  of 
photoelectrochemical  dissolution  of  GaAs,  which  favors 
the  (lll)As  over  the  (lll)Ga  polar  face,  similar  to 
some  types  of  oxidative  chemical  etching  [2,31.  Etch¬ 
ing  In  the  (100)  surface  necessarily  results  In  symme¬ 
trical  groove  profiles,  while  most  optical  applica¬ 
tions  of  gratings  require  unsynwetrlcal  blazed  struc¬ 
tures. 

It  Is  the  purpose  of  this  paper  to  demonstrate  photo- 
electrochemical  etching  of  blazed,  deep  Eschelle  grat¬ 
ings.  These  gratings  are  employed  in  a  variety  of 
electro-optical  devices  and  in  very  high  resolution 
spectrometers.  Because  of  the  large  amount  of  mate¬ 
rial  which  must  be  removed  In  the  fabrication,  they 
are  difficult  to  produce  with  smooth  walls  by  conven¬ 
tional  ruling  engines,  particularly  In  the  low  groove 
densities  frequently  needed. 


EXPERItNTAL 

GaAs  wafers  (n-type,  5  x  10 17  cm  3)  were  cut  from  a 
boule  supplied  by  Bertram  Laboratories.  Diced  wafers 
of  5/8  x  5/0"  dimensions  were  mounted  as  electrodes 
and  then  sequentially  polished  with  alumina  abrasives 
down  to  0.05  nn,  and  finally  chemomechanlcally  pol¬ 
ished  with  a  slllca/bleach  slurry.  Grating  patterns 
were  produced  In  positive  photoresist  (Shipley  1350J) 
with  a  periodicity  of  50  cycles/nw.  A  line  to  space 
ratio  of  2  was  determined  to  give  optimum  results  MJ. 
Both  the  photoresist  exposure  and  the  photoelectro¬ 
chemical  etching  were  accomplished  using  a  highly  col¬ 
limated  UV  source  (Oriel  Corporation  07301  Illumina¬ 
tor).  All  experiments  were  conducted  with  potentlo- 
statlc  control  In  a  3-electrode  cell  with  a  standard 
calomel  (SCE)  reference  electrode. 


RESULTS  VIP  DISCUSSION 

In  order  to  produce  blazed  Eschelle  gratings.  It  Is 
necessary  to  cut  the  GaAs  crystal  at  an  angle  off  the 
(100)  plane  toward  the  (Oil)  plane.  As  shown  In  Fig¬ 
ure  1,  orienting  the  photoresist  lines  In  the  I  011  1 
direction  should  then  give  rise  to  structures  with  the 
Interior  angles  governed  by  the  preferred  Ga-rlch  sur¬ 
faces.  One  advantage  of  photoelectrochemical  etching 
for  producing  these  structures  is  that  the  process  can 
be  followed  coulometrlcally.  The  charge,  Q,  required 
to  etch  the  V-groove  sawtooth  pattern  Is: 


/  0.5  W*  \ 

Q(C/cm*)  .  3.54  *  103  nN -  (1) 

\cot(a-e)+cot(oM-8 )/ 

Here,  n  Is  the  electron  stoichiometry  (equivalents/ 
mole)  of  the  pbotoanodlc  dissolution  reaction,  W  Is 
the  width  (cm)  of  each  groove,  a  Is  the  angle  of  the 
groove  face  with  respect  to  the  (100)  surface,  0  Is 


the  angle  of  the  crystal  slice  with  respect  to  the 
(100)  surface,  and  N  Is  the  number  of  grooves/cm.  In 
the  present  case,  n  =  6,  N  ■=  500  and  W  =  2  x  10" 3  cm. 

To  demonstrate  the  photoelectrochemical  etching  of 
blazed  structures,  crystals  were  cut  with  (100), 
(100)-8°  and  (100)-18°  orientations.  The  electrolyte 
composition  was  0.1M  KC1,  adjusted  to  pH  3,  and  the 
light  intensity  was  30  mW/cnr.  The  potential  was  held 
at  the  onset  of  the  photon  limited  region,  0.4V  vs. 
SCE.  Initial  structures  were  etched  under  the  assump¬ 
tion  that  the  Interior  angles  were  70.54°,  as  defined 
by  the  (111)  Ga  surfaces.  However,  we  found  under 
closer  examination  that  this  angle  was  dependent  on 
the  etching  conditions  and  on  the  electrolyte,  and  was 
closer  to  90°  under  the  present  conditions.  This 
would  correspond  most  closely  to  the  (223)Ga-r1ch  sur¬ 
face.  With  a  90°  Interior  angle,  equation  (1)  pre¬ 
dicts  a  charge  of  10.6  and  8.6  C/cai?  required  to  etch 
the  gratings  in  the  (100)  and  (100)-18°  degree  sur¬ 
faces,  respectively.  With  coulometrlc  monitoring, 
both  unblazed  and  blazed  gratings  were  produced  with 
pointed  tops  and  bottoms  and  extremely  smooth  walls. 

A  scanning  electron  micrograph  (SEH)  of  the  blazed 
structure  fr^m  the  (100)-18°  surface  Is  shown  In  Fig¬ 
ure  2.  The  blaze  angle  of  60°  Is  slightly  less  than 
the  expected  value  of  63°,  an  error  probably  due  to 
Inaccuracies  accumulated  In  the  cutting  and  polishing 
procedures. 

Since  making  cross  sections  for  SEN  analysis  is  a 
destructive  technique,  an  optical  method  was  developed 
for  routine  determination  of  the  blaze  angle.  The 
gratings  were  mounted  on  a  graduated  turntable  with 
the  grooves  parallel  to  the  rotation  axis,  and  Illumi¬ 
nated  with  a  He-Cd  laser  source  (442  nm).  The  zero 
order  reflection  was  used  as  a  reference  point,  l.e., 
when  the  grating  Is  90°  with  respect  to  the  laser 
source.  The  grating  was  then  rotated  and  the  angles 
recorded  which  produced  a  back -ref lected  beam  that 
passed  the  laser  aperture.  The  angle  of  the  brightest 
back-reflection  Is  the  blaze  angle  ( &| ) .  It  can  also 
be  calculated  from  the  order  number  (m)  giving  this 
strongest  back  reflection,  according  to  the  grating 
equation 

mx  1  2ds1n0  (2) 

where  d  Is  the  groove  spacing  and  X  the  wavelength. 
Table  1  summarizes  the  blaze  angles  for  several  grat¬ 
ings  measured  from  the  turntable  angle,  from  equation 
(2)  and  from  SEM  cross  section  profiles.  Also 
Included  In  Table  1  are  the  complementary  blaze 
angles,  9?,  measured  by  rotating  the  turntable  In  the 
opposite  direction  (Gj  +  0?  *r90°).  It  is  seen  that 
the  three  methods  give  results  that  are  In  excellent 
agreement. 
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Table  1.  Properties  of  Photoelectrochemi- 
cally  Etched  Eschelle  Gratings 


Sample 

Orders 

for 

6}  /©? 

Blaze  Angle 
Turn-  Eq.2 

table 

01 

SEM 

Theory 

1 

63/64 

43/45 

44/45 

43/44 

45/45 

2 

64/65 

44/46 

45/46 

44/45 

45/45 

3 

71/56 

53/37 

52/38 

51/39 

53/37 

4 

70/57 

52/39 

51/39 

51/39 

53/37 

5 

78/48 

59/31 

60/32 

60/30 

63/27 

Sample  key: 

1.  (100),  0.5  M  KC1 

2.  (100),  0.1  H  KC1 

3.  (100)-8°,  0.1  M  KC1 

4.  (100)-8°,  1.0  M  KC1 

5.  ( 100)-18°,  0.05  H  KC1 


Fig.  1.  Cross  sections  of  V-groove  formed  by  photo¬ 
electrochemical  etching  of  (IQO)n-GaAs  slots  defined 
in  the  [Oil]  direction,  and  in  two  surfaces  cut  at 
intermediate  angles  between  the  (100)  and  (lll)Ga 
surfaces. 


* 


Fig.  2.  Scanning  electron  micrographs  of  blazed 
Eschelle  gratings  etched  photoelectrochemical ly  in 
the  (100)-18°  surface  of  n-GaAs.  Groove  spacing  is 
20  um. 
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Introduction 

The  growing  interest  in  the  use  of  III-V 
compounds  in  semiconductor  devices  underscores  the 
importance  of  determining  the  properties  of  these 
materials.  To  establish  equilibrium  boundary 
conditions  for  such  processing  steps  as  bulk  crystal 
growth  and  liquid-phase  epitaxy,  knowledge  of  the 
phase  diagrams  and  other  thermodynamic  properties  Is 
needed.  In  the  present  work,  thermodynamic  and 
phase  equilibria  data  have  been  obtained  for  the 
Al-Sb  system,  using  high- tempera ture  electrochemical 
techniques. 


The  thermodynamic  properties  of  the  Al-Sb 
system  at  elevated  temperatures  were  studied  using 
the  method  of  coulometTic  titration,  introduced  by 
Wagner  (1,2).  To  improve  the  diffusion  and 
equilibration  rates  in  the  Al-Sb  system,  thin  film 
electrodes  were  employed  (5-15y),  following  the  work 
of  Egan  (3). 


Emf  data  in  the  temperature  range  1115-1175  K 
were  obtained  from  the  following  two  types  of  cell: 

Ca-Sn  (1)|C«F2  (s)|Al-Sb  (1  or  a),  AlFi-CaF^U/s) 

1  1  (I) 


Ca-Sn(l)|c«F2  <s)|a1  (1),  AIF3-C.F2 ( l/» )  (II) 


In  which  single-crystal  CaF2  was  employed  as  the 
solid  electrolyte  and  the  well-behaved  Ca-Sn  Liquid 
alloy  served  as  a  reference  electrode.  The 
composition  of  the  salt  mixture,  AlF3"CaF2,  was 
selected  to  maintain  a  two-phase,  and  therefore 
composition-invariant,  state.  The  experimental  cell 
design  is  similar  to  that  described  in  Reference  3. 

Resu 1 ta 

From  the  emf  da ta  obtained  over  the  composition 
range  xAj  ■  0  to  xAj  ■  0.5,  partial  excess  free 
energies  were  calculated: 

CA1  '  *  3F  (EI  -  *II>  -  RT  l"  XA! 

E 

By  Integrating  CAj  over  the  same  composition 
range,  the  free  energy  of  formation  of  AlSb  was 
obta Ined : 


At  1119  K,  CM  -  -3.27  kcal/g-atom  was 
obtained.  In  previous  work  by  Samokhval  and 
Vecher  (4),  the  free  energy  of  formation  of  AlSb 
at  800  K  is  reported  as  -5.05  kcal/g-atom.  In 
order  to  compare  the  results  at  800  K  with  our 
results,  the  entropy  and  enthalpy  data  for  AlSb 
from  Lichter  and  Sommelet  (5)  was  used  to  derive  a 
temperature  coefficient  for  GM.  Our  resulting 
value  at  800  K  was  -4.91  kcal/g-atom,  which  agrees 
within  3%  to  the  value  of  Samokhval  and  Vecher. 

Titrations  across  the  solid  compound,  AlSb, 
have  yielded  information  on  the  nature  of  the 
homogeneity  range  in  this  system.  While  these 
results  are  still  preliminary,  this  work  has 
succeeded  in  measuring  the  homogeneity  region  in 
AlSb  for  the  first  time.  Figure  1  shows  a  typical 
titration  curve  through  the  homogeneity  region. 
The  drop  in  emf  through  the  solid  phase  is  bounded 
at  the  top  by  the  antimony-rich  two-phase  region, 
with  a  constant  value  of  E  *  0.520  ±  0.003  V,  and 
bounded  at  the  lower  end  by  the  line  shown  on  the 
figure  at  E  *  0.432  V,  which  represents  the 

aluminum-rich  two-phase  region.  Due  to  the 
uncertainty  of  ±  0.003  V  in  the  lower  emf  bound, 
the  exact  width  of  the  homogeneity  gap  is  also 
uncertain,  but  has  a  value  of  about  0.0010  t 
0.0004  mole  fraction. 

The  shape  of  the  titration  curve  in  Figure  1 
also  provides  information  about  the  homogeneity 
region.  As  demonstrated  by  Wagner  (2)»  modelling 
of  a  point  defect  structure  in  a  binary  compound 
yields  an  antlsymmetrical  hyperbolic  sine  curve 
with  an  inflection  point  at  the  ideal  stoichio¬ 
metric  composition.  In  cases  where  the  inflection 
point  lies  close  to  the  boundary  of  the  homo¬ 
geneity  range,  the  inflection  point  will  not  be 
clearly  distinguishable.  In  the  present  work,  the 
curve  in  Figure  1  does  not  show  a  clear  inflection 
point,  but  rather  approximates  the  right  half  of  a 
hyperbolic  sine  curve.  This  indicates  that  the 
deviation  in  stoichiometry  in  AlSb  is  primarily  on 
the  Al-rich  side. 
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Metal  deposition  on  semiconductor 
substrates  by  elec t i ochom i ca 1  technique  has 
been  employed  tor  several  purposes  i)  for 
the  protection  of  low  bandgap  semiconductor 
electrodes  from  corrosion  in  photoelectro 
chemical  cells,  ii)  tor  catalyzing  the 
hydrogen  production  in  solar  cells  1 1,2] 
iii)  tor  obtaining  qood  Schottky  barriers  13, 
4 | .  Electrochemical  technique  is  a  very 
convenient  method  for  metal  deposition. 
Coverage,  form,  microstr uctur e  ot  the 
deposit  can  be  easily  controlled  by  solution 
composition,  deposition  potential  and  mass- 
transport  conditions. 

Zinc  mercury  telluiide  ( ZMT )  is  a  very 
new  material,  more  stable  than  cadmium 
mercury  tellur ide  |5).  ZMT  appears  to  be 
very  promising  and  ot  great,  interest  in  the 
field  of  IK  detectors  and  optoelectronic 
devices.  Thus  it  seems  important  to  study 
the  feasibility  ot  metal  e lect r oriepos j t i on 
on  t  Vie  so  Lu:  and  subsequently  the  behavior  of 
such  m/:.»c  structures. 

In  this  work.  Cu  and  Aq  deposits  were 
performed  o  lect rochemica 1 ly  in  the  dark  on 
ZMT.  The  new  electrolyte/  M/SC  interfaces 
were  char  act er  i ied  by  cyclic  voltammetry  and 
electrolyte  elect r or et lectance  (KER)  and  we 
intended  to  correlate  the  results  with  the 
structural  and  chemical  properties  ol  the 
inter  1  aces. . 

EXPERIMENTAL 

Zn  Ho.  To  with  0  <  x  *  kindly  provided 
by  |)r.  K.  Trihoijiet  (Bellevue.  Franc**}  were 
ot  p  type.  They  were  grown  by  THM.  Sample 
preparation  tot  electrochemical  measurements 
■was  a  I  r  early  repotted  |6,7|.  The  electrolytes 
were  prepared  with  "Suprapur”  HC10  and 
u  l  tr  apjjr  e  water.  Low  concent i at  ion4  (  10  ^  oi 
l>x  10  M)  ot  AqNO  or  CuiJO  was  employed.  The 
experimental  at  r  anqement  was  described 
elsewhere  |H|.  EhR  measurements  were 
performed  with  a  0.5  V,  lb  Hz  ac  modulation. 

RESULTS  AND  DISCUSSION 

a)  Electrochemistry.  Typical  current 
potential  curves  obtained  in  the  dark,  wit.h 
supporting  electrolyte  and  metal  salt 
containing  solutions  are  presented  in  fig. i 
for  Zn  .  |Hg{)  4/l'e;  Ln  negative  scan,  the 
reduction  of  *  Aq*  arid  Cu  starts 
respectively  at  -0.2  V(  mr.e  )  arid  0.6  V(  rr.sc  ) 
in  good  agreement  with  thermodynamic  data. 

The  mechanism  ot  such  reduction  in  the  dar k 
is  explained  in  fiq.2.  The  tier  energies  of 
rhe^two  redox  systems  are  isoenerqetic 
(<’»»*  /Cu )  oi  lower  (Aq*/Aq)  than  the  top  ol 
the  v. ilence  band  arid  reduction  can  thus  occur 
by  injection  ot  holes  from  metal  ions  M*  into 
the  valence  band  of  the  semi  condur tor . 

n*  *  m"  •  h* 

Under  illumination,  the  current  i s 
lie  r  eased  due  t.»  tin'  transfer  of 
ph'  >t  (»<  routed  *•  loot  rons  1  i  or  the  conduct  ion 


band  to  metal  ions 

M*  4  e"  t  M 

3n  fig. 1,  during  the  positive  scan,  an 
oxidation  reaction  is  observed  at  about 
0.30  V,  which  does  not  correspond  to  the 
oxidative  desorption  ot  the  metal  deposit 
but  to  superficial  oxidation  of  the  metal 
layer.  Thus  in  order  to  avoid  this  reaction 
during  ttie  performance  of  EER  measurements 
which  ate  done  at  fixed  deposition 
potentials  and  with  an  ac  modulation,  the 
applied  dc  potential  is  never  positive  of 
0.6b  V.  After  measurements  in  metai  salt 
containing  solution,  the  electrode  (with 
metal  deposit)  was  transferred  in  supporting 
electrolyte  and  FEK  measurements  were  again 
performed  to  study  the  behavior  ot  this  new 
M/SC  structure  in  this  electrolyte. 

b)  Fleet i oret lectance.  The  influence  ot 
metal  e  lectrodeposi l  on  EER  response  is 
observable  tor  ail  the  materials  studied.  We 
present  here  only  the  most  remarkable 
results,  ln  fig.  3  arid  4  are  shown  the 
spectra  obtained  with  Cu/SC  and  Ag/SC 
structures  for  Zn  Mg  Te  (x  -  0.72  and 
0.53),  spectra  obta i nedxwi th  bare  SC 
surfaces  are  also  reported  for  comparison. 

The  latter  show  the  chat  actor i st i c 
oscillations  due  to  the  E  transition  (A 
A.). The  transition  energies  calculated  by  the 
A!*!pnes  thr  ee  point  method  die  respectively 
3.07  and  2.71  c V,  the  broadening  factor  200 
arid  130  meV.  The  presence  ol  a  metal  layer, 

Cu  or  Aq,  induces  a  broad  new  feature  in  the 
energy  tanqe  2.  5- 2.  8  eV  tor  x  -  0.  12  arid  2.4 
2.6  c V  tor  x  0.53.  The  linoshape  oi  the 
spectra  is  continuously  modified  by  the 
coverage.  The  amplitude  and  energy  ot  the 
new  feature  increase  with  increasing 
coverage  provided  that  the  latter  remains 
lower  than  a  monolayer.  It  was  noted  that 
for  some  sti uctur os  ol  deposit,  the  spectrum 
exhibits  very  large  variations.  When  the 
coverage  is  close  or  higher  than  a  monolayer, 
t  fie  spectrum  beroros  flat  and  t  out  ur  o  1  ess . 

At  the  same  t  imo  ol  the  appearance  and 
increasing  of  the  new  feature,  the  substrate 
spectral  characteristics  disappear  strongly 
but  not  completely.  These  results  show  that 
there  is  a  strong  correlation  between 
coverage  i.e.  the  micr  or.  t  i  uctur  e  oi  the 
deposit  and  the  lineshape  ot  EER  spectra. 

KER  appears  thus  as  a  convenient  and 
powerful  tool  for  the  study  of  the  behavior 
of  such  M/SC  structures  and  allows  to  q i vc 
more  irisiqht  in  the  ditteront  steps  ot  the 
formation  ot  a  Schottky  bar i iot . 
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There  have  been  many  recent  studies  on  the 
cathodic  electrodeposition  of  Te  and  CdTe  on  inert 
substrates.  These  studies  have  been  largely  spurred  by 
the  applicability  of  these  materials  in  the  energy 
conversion  and  eleetrooptical  device  areas.  On  the  other 
hand,  these  systems  offer  ample  scope  as  model 
candidates  for  probing  the  microscopic  details  of 
nucleation  and  growth  at  a  foreign  (inert)  substrate.  To 
decouple  the  complications  induced  by  adsorption  that 
seems  to  prevail  at  noble  metal  surfaces  (e.g.,  Pt,  Au), 
we  chose  glassy  carbon  as  the  substrate  for  these  initial 
studies.  We  believe  that  the  examples  in  this  paper 
constitute  the  first  detailed  examination  of  the  temporal 
aspects  of  nucleation/growth  of  a  semiconductor  via  the 
cathodic  deposition  mode.  Elegant  studies  exist, 
however,  for  the  anodic  electrocrystallization  of  a 
semiconductor  involving  a  reactive  metal  anode  (e.g.,  the 
CdS  system,  c.f.  Refs.  1,2). 

The  potential  regimes  for  probing  the  nucleation/ 
growth  kinetics  were  first  established  by  cyclic 
voltammetry  (CV)  on  a  TeCtyHjSOa  electrodeposition 
bath  to  which  incremental  amounts  of  Cd2+  were  added. 
Signatures  in  these  CV  profiles  in  the  deposition  and 
stripping  regimes  on  addition  of  Cd2+  revealed  the 
assimilation  of  Cd°  into  the  Te  matrix  as  induced  by  the 
free-energy  of  compound  formation  of  CdTe. 

Figures  1  and  2  contain  representative  transient 
i-t  profiles  for  Te  and  CdTe  respectively.  The  three 
regimes  of  these  current  transients,  namely  the  initial 
decay  region,  the  subsequent  "growth"  regime,  and  the 
final  diffusion-limited  decay  are  quantitatively  analyzed 
in  terms  of  known  rate  laws.  Plots  of  reduced  variables 
also  aided  in  the  selection  of  the  appropriate  rate  law.  In 
both  cases,  a  two-dimensional  growth  law  with 
instantaneous  nucleation  seemed  to  provide  the  best  fit  of 
the  transient  i-t  data.  The  third  regime  obeyed  a  r,/2 
decay  law  consistent  with  the  diffusion-limited  mass 
transport  of  Te4+  to  the  electrocrystallization  surface. 
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Figure  1  Chronoarnperometry  trace*  for  Te  electjocryvalltiaaon  at  a  glassy  carbon  surface 
The  final  potentials  for  nut  ieaoorv  growth  i-Efi  art  shown  m  the  figure  the  mini!  potential 
was  *0  30  V  fgj.  Ag/AgCll. 


Figure  2:  Chronoarnperometry  traces  for  CtfTe  electxocrystalUiaeon  at  i  glassv  carton 

surface  Curve  notation  as  in  Fig  I 
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Ohmic  contacts  prepared  by  annoalmg  cf  .r.dium  .  gold  >ayor$ 
deposited  on  (photojclcctrochem.caily  arsen.c-er.richcd  n.-GaAs 
surfaces 
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Evaporated  thin  films  of  .nd^um.  copcs.toc  at  room 
temperature  onto  n-GaAs.  forms  a  Schottky  bar;, or  wmcr.  upcr 
annealing  above  In’s  melting  point,  turns  into  an  chm.c  contact  f, 
Such  a  benavior  has  boon  interpreted  as  the  resu-t  of  tno 
‘ormation.  at  leas:  locally,  of  a  groaoo  Go .  A  s 

ne.'e.'OjUTCl.on,  the  conouclivity  of  wh.cn  ;.r.  :.-o  :c‘°.  :0'7{2 
cm2  range]  had  been  prev.ousty  chcc*od  by  Ms’.ecu.ar  Beam 
Eptaxy  (MBE;-{2)  During  the  t.mo  *.h  s  won  was  '  preparut.G r. 
cfor  authors  have  suppo'tcc  tr.o  <dea  that  ti-.e  , urct.cn  was 
D'Obao  i  not  graded  out  abrupt  (3.4..  Suggestion  wi-.  c-  has  a. so 
been  confirmed  by  (MBE)  recent  results  ;5.6j  Whatever  me  Ga.' 
profile  w.thm  these  non-ailoyod  structures  s.  appears  to  us  mat 
tre.r  fabricat.on  m.gh.l  be  facs dated  by  a  p-ev.o-s  a  »e-..c 
w-'rh-nont  of  the  GaAs  surface  bofere  ;n  copos.t.on.  it  can  bo 
noted  that  SPlCER  s  g'Oup  has  recent./  shown  mat  the  cstcnt.or 
arge  vaNes  for  x(x>0  3;  does  r  ‘act  '00....  ^  an  As  r.c  su-'aco 
•  7; 

The  a.m  o'  the  present  v.r-*  s  to  cfc-c*  s-c:  assessment 
by  usrg  two  means  of  ordegeme  As  e-- or  men:  o'  ;'33;  5  ccpcc 
GaAs  samples 

a  pn.c  toelec  free  hem.  ca'  ;yEC;  fccnmque.  p'eviCwSy 
oroposea  by  WOODALL  ot  a<.  (0;.  wh.c.h  conssts  -.  the  ..um.m.af  cn 
c-  GaAs  substrates  .mmc-soo  m  a  1  1  HC-  mo  solut.or.  (HC.  6M; 
oy  onoto  ns  c?  onorgy  higher  tran  ban  a -gap  c‘  m-s  mater... 

2-  a  ccmb.nod  ar.od  c  morrr.a  .etcr  r.g  process  w  :cn 
rvo  ves  f  'st  the  g*cw:r  c.‘  an  ar-.od-c  ox co  .ayer  on  GaAs  n  «j 
AG»V  mcc  um  ;tC),  fo. lowed  by  a."  .i-.roa-.ng  c'  the  r.t'udu'o  (".] 
a-c  a  *  -a  post-otc^ing  c!  t-.e  cx.do  a  1  i  MoC;-.  i *C.  otchar.i. 

A. though  mprevoc  by  us.rg  :j  a n  o*  g.r.a'  col  {F.g  V, 
ccnce.vcd  to  a. low  the  comptoto  o.  m.r.aton  of  oxygen  in  tr.o 
o  eefe /to  and  GaAs  samples  f.ttcd  wf  a  rear  s  dc  o.*.r.,c 

contact,  tinned  to  a  platinum  counter  oectrcdo,  order  to 
fac  tare  the  access  of  photoho.'es  to  tie  surface,  tho  f.rs:  mefn.od 
proved  not  to  bo  sat  sfactory  as  ov.der.Cvd  &y  ot  .psomotr  c, 
Raman  and  photoiorrunoscort  (PL;  moas-'u meets  Much  potto' 
'esu  ts  wore  obtained  with  the  second  method  A-.oCi2.if.on  (F  g  2: 
was  conducted  ai  constant  Current  dens  fy  (0  f  m.A  err  '  ;,  f  e 
process  being  stopped  at  the  votago  va  »o  w1'  ch  cor'espord-.  to 
fhc  exported  thennoss  of  tho  a.nod>c  ox.ee  (about  2  nm  V  ,  P; 
Rutherford  Bacxscattoring  and  oxyge-  rr.eoSufo~e'-f.  oy  *  °0 .  < 
o')  °0  rosonanco  at  3  Cb  Mo 7  st  owed  tn.af  :•.».•  ;i^r.:.t 

,n.term..xoC  As-f;Ch.  mtorfac  a.  .ay or  s  oota  r.i.p  r.ta-t-g  w 
‘  bS  r.rr.  ox. do  a/er.  py  a  23  rr  -  ni.-at  foatmor:  at  bu3  »'  . 


c. "uS.cn  oi  ga.  .um  mouced  Dy  go.'C  a:  these  fompc.-a.'u.’Cs  ;tu,- 
F.g.3  proves  tnat  me  ohm.c.f/  of  tr.o  contacts  .s  good.  ospema  y 
fo*  r.igh.y  doped  samples.  but  or.  the  other  s.oo,  tno  c.fferonco 
between  the  treated  arc  ron-foalcd  substrates  appears  net  to  bo 
s.gn.'.cant.  Th.s  can  bo  exp  a  rod  Doth  py  tho  loss  of  sonsit.v.ty  of 
Cur  p'Cb'-.g  set-up  a;  . ow  Current  va.uos  and  to  a  pcssbio 
m.sa  g -men:  c'  tno  mo'ai.'.zafion  (,'n  .  Au]  with  tho  masAo c 
(urt'oatpc,  pa't  o'  tno  Substrate.  Such  misalignment  wou-d  .oac  to 
boss.— .y,  c  o'fects  as  regard  to  fr.o  enrichment  process. 

Or.  the  otner  hand,  the  proposed  surface  ireat.m.ont 
ctro-g  y  -proves  ire  reprcCuC.b  .  ty  of  the  eioctr.ca. 
measurements  ate'a.  nompgpn.e.fy,  as  wo;  as  the  m.ocnan.ca. 
u  Cb-*'.  ti.  0-  t  e  co i  no  Observed  nardor  — .g  c*  tr.o  contact 
r the  'os-tt  o'  tno  .nsort  on  of  .n.c -m  atoms  the  GaAs 

A  tho  rosu  ts  repo'toc  above  v.Ou  c  do  precac  y 
-b'Cvcd  by  using  an  ac  c  c  e.ect'ctcss  '.qu  o  dopes.:. or  oaf.,  as 
cuss  -  ood  ;n  'o'*B  because  o'  fo  abscn.co  c'  -af.vo  Oxde  -  SuS- 

— *00  u  du'.ng  mu. a.  CObco  t  on 
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to  mear.u’o  the  spec  fiC  contact  'os  sta-co  p  -  f':.i  COX 

S7RACK  mothed  (*4),  o'  the  co-tact:.  prepa:.-o  A  . 

,  _  r  ■  c,  •  ft  T 

Su r  acer.  Iwo  dop  n.g  ove.s  ,b  f  u  ’  ant;  'cm  .  u  ..r  i  u 

ordo*  to  exam, no  the  motat  .2at.on  dop-g  iovnt  eftect  on  .  - 
co'.ur.nt  on  w  th  a  50  iC  In  Au  m.efa  .  cat  on  ,*f,;  *3  cK«>c^ 
o"-Cioncy  cf  fro  As  ’roatmont,  oach  sample  war.  bro«o.'  <  : 

u»vfs  on  t  one  be  rg  sub'-.ttoc  to  the  •ruaf-i  u-  :  t  u 

fa-aytea.  moaSu'Cmont:,,  ■rtivp'otnd  a. 
f 0 ' m a ! , 0 n  a  Ga  .  in  As  A‘  ” 
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*,  Rotating  coll  which  aitows  the  ou!g3$mg  of  l he  eleclrolyle  oy 
successive  ccngeiation/fusion  cycles  (position  A)  before  the 
nomination  of  tho  immersed  sample  (position  B). 


Fig. 2  Electrochemical  ceii  -sed  for  the  anodization  process  :  1. 
AGW  solution  .  2,  rear  side  contact  ,  3.  beaker  ;  4.  high 
quality  wax  ;  5.  GaAs  sample  .  6.  PTFE  support  ;  7.  platinum 
countoreloctrodo  ,  8,  copper  loads. 


F.q  3  p.ots  o'  leg  pc  vs  annoaimg  lomperature  for 
Au  In/As/r.-GaAs  hotorostruCturos  A  Nq  -  5.1015  cm  , 

B  ND  =  to10cm'3  .  C  w.thout  As  enrichment.  «  with  As 
onrichmont 
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Effects  of  Superficial  Topography  on  Uniformity 
of  Spun-on  Resist  Filin 


M.lkeno,  H.Kawashima,  O  Kanoda,  and  H.Saeki 

LSI  R A' D  Lab.  Mitsubishi  Fleet  ric  Corporation 
4-1  Mizuhara.  [tami.  Hyogo  664.  Japan 


l-  Introduction 

In  ihe  VLSI  fabrication  process,  lithography  is  one  of  the 
dominant  techniques,  and  in  many  cases  resist  film  is  made  on 
a  wafer  surface  by  using  a  spin-coating  procedure.  As  pattern 
size  of  micro  circuits  decreases,  the  demand  for  uniformity  of 
the  resist  film  becomes  stronger.  So.  much  substantial  effort 
and  many  studies  have  been  devoted  to  developing  new  lithog¬ 
raphy  processes  that  have  less  pattern  size  variation  with  more 
uniform  resist  thickness.  In  some  studies,  the  superficial  to¬ 
pography  and  the  planarization  properties  of  resist  film  were 
discussed1'*  In  many  cases,  resist  thickness  distribution  over 
the  full  range  of  wafer  size  is  also  much  important.  For  exam¬ 
ple,  some  electric  devices,  such  as  solid-state  imagers,  require 
uniform  resist  thickness  everywhere  in  their  chips,  even  nose 
or  very  close  to  the  dicing  fine.  Csuaffy,  step-height  near  the 
dicing  line  is  about  1  to  5 pin,  so  thickness  of  the  resist  film 
near  that  line  is  not  uniform.  This  is  widely  recognized,  we 
believe.  In  such  a  device  as  a  solid-state  imager  (hat  has  ac¬ 
tive  elements  or  area  close  (often  very  close)  to  the  dicing  line, 
this  non-uniformity  of  resist  film  causes  a  very  serious  problem 
of  a  variation  of  sensitivity. 

In  our  studies,  we  have  observed  a  spoctarular  phe¬ 
nomenon  of  a  pile-up  of  resist  film  near  a  groove.  Resist  film 
pile-up  occurs  not  on  the  side  of  the  groove  away  from  the  ro¬ 
tational  center  of  the  wafer  but  rather  on  lh»*  side  facing  the 
rotational  center.  We  found  that  such  resist  pile-up  exists  in  a 
chip  area,  which  will  causes  serious  defects  in  the  device.  This 
phenomenon  was  out  of  our  expectation  and  consideration,  so 
wp  decided  to  focus  on  this  problem 


3.  Experimental 

We  have  prepared  5-inch  size  Si-wafers  with  grooves  of 
various  widths  and  depths,  appl  resist  materials  on  those 
wafers,  and  performed  spin-coating  procedure  under  certain 
conditions.  After  post-baking,  superficial  topographies  of  re¬ 
sist  surface  near  the  grooves  were  measured  by  means  of  surface 
profi lorneter(Tencor,  Alpha  Step  200).  Measurement  direction 
was  fixed,  perpendicular  to  the  groove.  The  reproduced  profile 
and  measurement  points  are  shown  schematically  in  Fig.l,  in 
which  h  represents  the  pile-up  height  and  p  represents  the  dis¬ 
tance  from  the  groove  edge(definod  as  shown  in  Fig.l)  to  the 
pile-up  peak  position. 


3.  Results  anrl  Discussion 

Changes  of  pile-up  height  h  and  pile-up  peak  position  p 
with  parameters  of  groove  depth  d  and  width  u>.  are  shown  in 
Fig. 2. 1  arid  2.2  respectively.  Here  the  coating  material  is  a 
F*(»M A-type  resist,  and  the  coating  conditions  are  as  follows 
spin  rotational  speed  1 100rpin( results  in  coating  thickness 
1  0pm),  viscosity  of  resist  22c  I*,  and  location  of  groovefdistance 
from  wafer  center  to  groove)  47  5mm  It  is  evident  from  these 
figures  (fiat  as  the  depth  d  increases,  the  pile-up  height  h  in¬ 


creases.  Also,  as  width  w  increases,  height  h  tends  to  increase. 
On  the  other  hand,  peak  position  p  does  not  vary  as  much  as. 
pile-up  height  h. 

Fig. 3.1  ano  3.2  show  the  dependency  of  pile-up  height 
h  and  peak  position  p  on  spin  rotational  speed  and  parameter 
/(location  of  groove).  Here. the  depth  of  groove  d  is  about  12pm 
and  its  width  w  is  about  70pm.  In  Fig. 3.1.  as  spin  rotational 
speed  increases,  resultant  resist  thickness  decreases  (indie  a  ted 
by  solid  line  with  solid  square  dots).  However,  in  fact,  the  ab¬ 
solute  value  of  pile-up  height  h  increases  with  the  increase  of 
spin  rotational  speed.  Similarly,  if  the  location  of  groove  (/)  is 
far  from  the  wafer  center,  the  pile-up  tends  lo  be  higher,  'flu 
value  of  peak  position  p  decreases  with  the  increase  of  spin 
rotational  speed,  as  shown  in  Fig. 3, 2.  And.  if  the  groove  is 
far  from  the  wafer  center,  the  pile-up  peak  approaches  to  the 
groove. 

From  those  results,  we  can  assume  that  the  effect  of  the 
centrifugal  force  on  the  resist  material  on  substrate  plays  a 
major  role  in  the  pile-up  mechanism. 

Now,  let  us  consider  the  mechanism  of  the  pile-up  phe¬ 
nomena.  At  the  beginning  of  the  spin-coating  procedure,  resist 
material  is  dropped  onto  the  wafer  surface  and  has  a  thickness 
which  is  much  greater  than  the  final  thickness  of  resist  film 
But,  as  the  spinning! rotating)  procedure  continues,  resist  ma¬ 
terial  flows  toward  the  outside  of  the  substrate  according  to 
the  centrifugal  force,  the  solvent  evaporates,  and  the  thickness 
of  the  resist  layer  is  reduced.  At  this  time,  the  surface  profile 
of  the  resist  layer  varies  according  to  the  underlying  topogra¬ 
phy.  i.e.,  the  groove  line.  And  the  thickness  of  the  resist  layer 
near  the  groove  is  less  than  that  far  from  the  groove.  This 
is  equivalent  to  the  inlet  portion  of  the  resist  matrrial  to  the 
groove  becoming  narrow.  Therefore,  a  difference  «.f  resist  flow 
rate  is  produced  between  the  inlet  and  outlet  to  the  groove, 
and  that  causes  an  increase  of  pressure  in  the  resist  layer  near 
the  groove. 

If  we  can  assume  that  the  surface  tension  of  the  resist 
layer  is  constant,  then  an  increase  of  pressure  in  tin*  resist 
layer  causes  a  reduction  of  the  radius  of  curvature  at  the  resist 
surface.  And  that,  we  believe,  is  the  reason  why  the  resist  film 
piles  up. 


4.  Conclusion 

In  a  resist  spin-coating  process,  we  have  found  the  pile- 
up  phenomena  of  resist  film  near  a  groove  line,  like  a  dicing 
line.  The  resist  pile-up  caused  by  a  groove  occur*  on  the  side 
of  the  groove  facing  the  rotational  center,  and  the  height  of 
pile-up  depends  on  depth  of  the  groove,  width  of  (he  groove, 
spin  rotational  speed,  location  on  substrate,  resist  type,  and 
so  on.  We  assumed  that  the  pile-up  is  caused  bv  the  in<  reuse 
of  pressure  in  the  resist  film. 
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Height  of  pile-up  h  (pm) 


Resist  Flow  Direction 

cr==0 


d :  depth  of  groove 
u>:  width  of  groove 
h\  height  of  pile-up 
p:  position  of  pile-up  peak 


Fig.X  Schematic  drawing  of  cross  section  near  groove 


Fig. 2- 1  Changes  of  pile-up  height  h  with  parameters 

d  and  u> 


Fig.2.2  Changes  or  pile-up  peak  position  p  with 
parameters  d  and  w 


Fig. 2.1  Dependency  of  pile-up  height  h  on 
rotational  speed  and  location  l 
(Solid  line  with  square  solid  dots  indicates 
the  coating  thickness  of  resist  film) 


Fig. 3. 3  Dcpcndnry  of  pile-up  peak  position  p 
on  rotational  speed  and  location  I 
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Mixed  Ionic  and  Electronic  Conducting  Polymers 
L.  J.  Lyons,  J.  S.  Tonge,  and  D.  F.  Shriver 
Chemistry  Department  and  Materials  Research  Center 
Northwestern  University,  Evanston,  II  60208 

In  previous  work  from  this  laboratory  the  conductivity 
and  physical  properties  of  PEOxNaln  complexes  were  examined.* 
In  particular,  the  complex  PEO^Nal^  is  a  blue-black  crystalline 
compound  with  an  electronic  (hole)  conductivity  of  2  x  10'^  S 
cm'*  and  a  band  in  (he  resonance  Raman  spectrum  at  171  cm'*. 
Raman  investigations  of  the  other  polyiodide  PEG  complexes 
contained  one  or  two  bands.  The  first  at  11 1  cm'*  is  characteristic 
of  Ij"  while  the  second  occurs  at  171  cm'  *  and  is  indicative  of  1 5' 
and  higher  polyiodidcs.2 

In  the  present  research  polyiodide  salt  complexes  of 
higher  conductivity  were  sought.  Polyiodide  complexes  of  the 
totally  amorphous  polymer  poly[bis- 
(meihoxyethoxyethoxy)phosphazsnel  (MEEP)  have  been 
synthesized  and  their  electronic  and  physical  properties  examined. 
The  room  temperature  conductivity  of  the  lithium  criflate/MEEP 
complexes-*  has  been  observed  to  be  three  times  greater  than 
analogous  polyethylene  oxide  complexes,4  leading  to  further 
investigations  of  polyiodide/MEEP  salt  complexes. 

MEEPxNaIn  and  MEEPxLi!n  complexes  were  prepared 
by  the  reaction  of  stoichiometric  amounts  of  I2  vapor  and  dry, 
solid  MEEPXMI  (M=Na,  Li).  MEEPxNaIn  complexes  were 
prepared  with  x=2,  4,  8,  16  and  n=l,  3,  5,  7.  Lithium  complexes 
of  x=4  and  n=l,  3,  5,  7  were  also  prepared. 

AC  conductivity  measurements  on  the  polyiodide 
complexes  resulted  in  complex  impedance  spectra  with  two  arcs. 
Based  on  dc  polarization  experiments,  the  first  arc  was  assigned  to 
the  ionic  conductivity  and  the  second  to  a  charge  transfer  process 
(an  electronic  component  of  the  total  conductivity)  indicating  that 
these  complexes  arc  mixed  ionic/electronic  conductors.  The 
highest  room  temperature  ionic  conductivity  (2.4  a  10  •*  S  cm'*, 
n=5,T=298.15  K)  was  observed  for  the  series  of  complexes 
MEEP^NaIn  with  a  ratio  of  sixteen  ether  oxygens  per  sodium 
cation.  Sodium  polyiodide/MEEP  complexes  have  higher  ionic 
conductivities  than  the  analgous  lithium  poly  iodide  complexes. 

The  temperature  dependence  of  the  ionic  conductivity  follows  VTF 
behavior  in  both  the  sodium  and  lithium  series  of  complexes.  In 
more  highly  doped  polyiodide  samples  and  at  elevated 
temperatures  only  electronic  and  no  ionic  conductivity  was 
observed  in  the  dc  polarization  experiment.  Furthermore,  the 
current- voltage  behavior  observed  in  these  complexes  was  ohmic. 
Significantly,  both  the  ionic  and  electronic  conductivities  increase 
as  the  amount  of  the  added  I2  increases. 


Although  we  describe  (he  conductivity  of  the  polyiodidc 
materials  as  ionic  and  electronic,  this  is  an  operational  definition 
based  on  the  dc  polarization  behavior  and  ohmic  response.  It  is 
possible  that  the  portion  of  the  conductivity  that  we  term  elect  ionic 
involves  an  ion  relay  between  polyiodide  chains  as  has  been 
suggested  for  fluid  solutions  of  polybromides. 5  As  observed 
for  the  PEOxNaIn  complexes,  resonance  Raman  spectra  of  the 
MEEPxNaln  (n=3,5,7)  have  two  bands  at  circa  1 12  cm'*  and 
circa  175  cm'*  indicating  the  presence  of  triiodide  moieties  and 
higher  polyiodide  species  in  these  complexes.  'Hie  lithium 
complexes  have  similar  spectra. 
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Introduction 

Solid  polymer  eleC'olytes  formed  by  dissolving  ionic 
salts  in  polymeric  solvents  such  as  polyethylene  oxide) 
(PEO)  are  a  new  type  of  electrolyte  with  properties  in 
between  those  of  true  liquids  and  crystalline  solids.  Recent 
studies  have  shown  that  it  is  possible  to  dissolve  a  wide 
range  of  ionic  salts  in  PEO.  Some  of  the  electrolytes 
produced  are  pure  anion  conductors  and  others  conduct 
both  anions  and  cations.  PEO  solutions  of  salts  of  Zn(ll) 
ions  are  particularly  interesting,  because  they  may  have 
significant  conductivities  for  Zn(ll)  cations. 

Poly(ethylene  oxide)  (PEO)  electrolytes, 
ZnX2  (PEO)n  (X  =  CT,  Br,  I*.  CIO4-  and  n=  4,  8,  12,  16,  20, 
24)  ha»e  been  prepared  using  a  two-solvent  solution 
casting  technique  (t ].  Results  from  Znlg-fPEOJn  are 
described  in  this  paper. 

The  thermal  stability  and  hydration  reactions  of  the 
samples  were  studied  by  thermogravimetry  (TGA).  The 
samples  were  found  to  be  stable  in  an  inert  atmosphere 
until  about  350°C.  Differential  scanning  calorimetry  (DSC) 
combined  with  examination  with  a  variable  temperature 
poiarizing  microscope  (VTPM)  revealed  that  the  samples 
were  multi-phase.  Energy-dispersive  X-ray  analysis  (EDAX) 
[2]  showed  that  Zn2  +  and  I"  were  uniformly  distributed 
throughout  the  electrolyte  films. 

Conductivity  was  measured  using  AC  complex 
impedance  analysis  and  DC  polarization.  The  conductivity 
of  the  samples  was  strongly  dependent  on  composition  and 
the  identity  of  the  anion.  Typical  conductivity  values  were 
about  10'®  (Q^cm)-1  at  70°C. 

It  is  well  known  that  many  PEO-based  polymer 
electrolytes  conduct  both  cations  and  anions.  With  the 
samples  investigated  in  this  work,  electrochemical  cells  of 
the  type,  Zn/ZnX2  (PEO)n/2n,  provided  virtually  no  evidence 
of  Zn2+  mobility  either  by  AC  impedance  or  DC  polarization 
measurements.  However,  direct  measurements  of  Zn2  + 
diffusion  using  SEM  and  EDAX  [2]  have  indicated  that  Zn2+ 
ions  are  reasonably  mobile  at  1 10  “C  and  above. 
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One  critical  point  in  the  practical 
applications  of  solid  polymer  electrolytes, 
such  as  com  plexes  between  poly  (ethylene 
oxide,  ^EO,  and  metal  salt  complexes,  is 
that  an  useful  electrical  conductivity  is 
reached  only  at  temperatures  above  the 
crystalline  to  amorphous  phase  transition 
(about  60  °C) .  In  this  range  of  temperature, 
the  polymer  complexes  behave  like  'soft' 
solids (1,2)  with  poor  mechanical  properties. 
Therefore,  polymer-based  devices  may  also 
suffer  of  problems  commonly  met  in  conven¬ 
tional  liquid  electrolyte  systems,  such  as 
leakage,  loss  of  electrode  to  electrolyte 
contacts  and  similar. 

Considering  the  intrinsic  interest  in 
polymer  electrolytes,  the  improvement  of 
their  mechanical  properties  remains  a  major 
goal  in  electrochemical  technology. 

The  addition  of  inert  fillers  to  solid 
electrolytes  has  been  widely  recognized  as 
an  useful  tool  to  increase  mechanical  and 
electrical  properties  of  these  materials. 

Such  a  toughening  process  has  been  applied 
to  a  large  variety  of  ceramic  solid  electro¬ 
lytes,  e.g.  beta-alumina,  zirconia  and 
so  forth. 

Recently (3)  attempts  of  inert  filling 
addition  (alfa  Al^O^  ^  to  PE0_kased  polymer 
electrolytes  have  been  reported.  Following 
this  direction  we  have  investigated  the 
characteristics  of  composites  formed  by 
(PEO)gNal  (  a  sodium  ion  conducting  polymer 
electrolyte)  with  beta"-alumina  (  a  sodium 
ion  ceramic  electrolyte) .  The  strategy  adopted 
here  is  to  use  an  ion  conducting  rather  than 
an  inert  filler,  in  order  to  avoid  deterioration 
in  overall  electrical  properties  of  the 
composite. 

Indeed,  the  preliminary  results  on 
(PEO)  Nal-Al  O  composites  reported  in  this 
work  indicate  that  the  addition  of  the 
ceramic  filler  improves  consistently  the 
mechanical  properties  of  the  polymer  electro¬ 
lyte  without  significantly  depress  its  total 
conductivity. 
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The  recently  reported  SiS^-based  glasses  with 
Li+  conductivities  exceeding  1  mS/cm  and  prepared 
at  ambient  pressure  are  potential  candidates  as 
electrolytes  for  solid  state  batteries.  However, 
SiS2-Li2S^LiI  glasses  are  somewhat  unstable  in 
contact  with  lithium  metal;  hence  efforts  have  been 
made  to  stabilize  them  with  the  addition  of  a 
coformer  (1).  It  was  shown  that  P2S5  acts  as  a 
stabilizer,  and  we  now  present  a  more  detailed 
stndy  of  glasses  having  the  composition: 

0.4  [<l-x)SiS2-xP2S5]-0.6  LijS. 

It  is  well  known  with  oxide  glasses  that  the 
properties  can  be  modified  with  the  addition  of  a 
second  glass  former,  and,  in  general,  conductivity 
is  enhanced,  at  least  over  part  of  the  composition 
range  (2).  Although  many  investigations  have  been 
reported  with  coformers  in  the  oxide  glass  systems, 
very  little  hat  been  published  concerning  aulfide 
glass  coformer  systems. 

Eigeriflcntaj 

Starting  materials  were  99.9%  pure  SiS2»  f*2S5' 
and  Li2S.  Synthesis  of  the  glass  where  x  .<  0.4  was 
reported  previously,  although  the  heating  time  was 
reduced  to  30  min  to  minimize  volatilization  of 
P2S5-  With  x  >  0.4,  the  vapor  pressure  of  P2S5  was 
to  high  that  sealed  quartz  tubes  were  used  for 
synthesis.  In  this  technique,  the  finely  ground 
SiS2.  P2S5  and  Li2S  powder  mixture  was  sealed  under 
vacuum,  heated  at  1000°C  for  one  hour,  and  quenched 
in  ice  water.  No  crystallinity  was  detected  by 
powder  XRT.  DSC  was  carried  out  with  a  du  Pont  912 
differential  scanning  calorimeter. 

Eleetrochemical  cells  with  TiS2  electrodes  for 
conductivity  measurements  have  been  reported 
previously  (3).  An  ac  signal  of  100  mV  was  used 
over  the  frequency  range  of  1-10^  Hz  for  complex 
impedance  analysis. 

Results  and  Discussion 

Glass  transition  temperatures  decreased 
mouotonically  from  337°C  for  the  0.4  SiS2“0,6  LijS 
system  to  208°C  for  the  0.4  P285“0.6  Li2S  system  ss 
shown  in  Fig.  1.  These  end-values  agree  well  with 
previous  studies  of  single  gless  former  systems  (4, 
5).  It  can  be  seen  from  Fig.  1  that  T_  decreased 
rapidly  for  0.3  <  x  <  0.4. 

Bulk  resistant  values  for  the  TiS2/|lasa/TiS2 
cells  were  obtained  by  extrapolating  the  complex 
impedance  straight  line  to  the  real  axis. 
Conductivity  was  then  calculated  from  the  cell 
dimensions  and  was  found  to  obey  the  Arrhenius  Law: 
a  »  (o°/T)  exp  (-E,/kT)  over  the  25°-125°C 
temperature  range.  Conductivity  as  s  function  of 
glass  former  composition  is  shown  in  Fig.  2. 
Clearly,  SiS2-Tich  glasses  exhibited  higher 
conductivities  than  P^Sj-rich  glasses.  However, 
the  maximum  conductivity  was  found  for  glass  having 
the  composition:  0.32  SiS2-0.08  P285-O.6O  Li2S,  but 
dropped  rapidly  for  0,3  <  x  <  0.3.  At  the  tame 
time,  E,  remained  nearly  constant  at  0.36  »V  (0.33 
eV  when  plotted  as  log  o)  for  0  <  x  <  0.3  and  then 
rose  almost  linearly,  retching  0.50  eV  for  x  *  1  ai 
shown  in  Fig.  3. 


It  should  be  noted  that  when  x  -  0.33  the 
ratio  of  silicon  it  phosphout  waa  one.  From  the 
resnlta  shown  in  Fig.  1-3  it  appears  that  there  may 
be  three  important  vitreous  phases:  (A)  0.4 
SiS2-0.6  U2S.  <B)  0.27  SiSj-O.n  P2S5-0.6  Li2S, 
and  (C)  0.4  P2S5-O.6  LijS.  In  the  region:  0  <  x  < 
0.33  a  solid  solution  or  vitreous  mixture  of  (A) 
and  (B)  exists  while  for  0.33  <  x  <  1  a  solid 
solution  or  vitreous  mixture  of  (B)  and  (C)  exists. 
Vhereas  (A)  and  (B)  have  the  same  activation  energy 
for  conduction  of  0.36  eV,  (C)  has  the  higher 
activation  energy  of  0.S0  eV.  Threrefore,  in  the 
region:  0.33  <  x  <  1  the  conductivity  decreased 
rapidly  as  the  activation  energy  increased.  On  the 
other  hand,  for  0  <  x  <  0.33  the  activation  energy 
remained  nearly  constant  and  the  smell  peek 
observed  in  conductivity  was  apparently  caused  by 
an  entropy  term  in  the  coformer  system.  One  might 
expect  this  effect  to  be  a  maximum  when  (A)  and  (B) 
are  in  equal  concentration,  which  would  correspond 
to  x  ■  0.17.  An  investigation  of  this  system  using 
^Si  and  ^ip  MAS-NMR  is  being  conducted  at  present 
and  will  be  reported  separately.  It  can  he 
mentioned,  though,  that  an  additional  ^lp  peak  was 
observed  when  x  ~  0.4,  offering  more  evidence  of 
specific  network  arrangements  at  certain  values 
of  x. 

References 

1.  J.H.  Kennedy  end  Z.  Zhang,  Solid  State  Ionics, 
in  press. 

2.  A.  Magistrls  and  G.  Chiodelli,  Solid  State 
Ionics,  9/10.  611  (1983) , 

3.  J.B.  Kennedy  and  Z.  Zhang,  J.  Blectrochem 
Soc.,  Hi.  859  (1988). 

4.  A.  Pradel  and  M.  Ribes,  Solid  State  Ionics. 
18/19.  351  (1986). 

5.  R.  Kexcier.  J.-F.  Mxlugani,  B.  Fahya,  and  G. 
Robert,  Solid  State  Ionics,  £,  663  (1981). 


Fig,  1.  Glas9  transition  temperatures  ior  0.4 
{(1  -  x)  SiS2  -  x  P2S5]  -  0.6  Li2S 
glasses  as  a  function  of  P2S5  content 
from  DSC  scans  recorded  at  10°C/min. 
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Fig.  2,  Conductivity  of  0.4  [(1  -  x)  S1S2  - 
x  P2S5]  -  0.6  IA2S  glasses  as  a 
function  of  P2S5  content  at  four 
different  temperatures. 
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Fig.  3.  Activation  energy  calculated  from  log 
aT  vs  1/T  plot  for  0.4  [(1  -  x)  SiS2  ■ 
x  P2S5  ]  -  0.6  L^S  glasses  as  a 
function  of  P2S5  content. 


r 

[ 

f 


{ 

t 

> 


Abstract  No.  731 


DilTiisivUy  of  Lithium  Intercalated  in  Graphite 
from  Molten  LiCl-KCI  Eutectic 

Rajeeva  R.  Agarwal  * 

Department  of  Chemical  Engineering 
Illinois  Institute  of  Technology 
Chicago,  Illinois  60616 


The  diffusion  of  lithium  in  psuedo  two-dimensional  solids 
such  as  graphite  is  expected  to  be  very  rapid  [1,2].  Hence,  such 
studies  have  significance  in  high-energy  secondary  battery  ap¬ 
plications,  and  in  synthesis  of  lithium  intercalation  compounds 
[3}4j.  In  this  work  [5],  the  diffusivity  of  lithium  in  graphite  was 
studied  via  an  electrochemical  reaction,  in  a  purified  molten 
LiCl-KCI  eutectic  (in.p.  =  352  °C)  at  400-600  °C  under  an 
argon  atmosphere. 

The  Galvanostatic  Intermittent  Titration  Technique  [C] 
was  applied  to  an  electrochemical  cell 

Ta,  LiAl  (2  -phase)  /  LiCl-KCI  ( Eut .)  /  Ta 

where  weight  fraction,  x,  was  varied  coulometrically.  Counter 
and  working  electrodes  consisted  of  LiAl  (2-phase)  and  high- 
purity  (99.9995%)  spectroscopic  (Ultra  F/U-7)  graphite  rod 
(dia -3  mm)  respectively.  Between  120-180  coulometric  pulses 
were  used;  each  of  ten-second  and  five-minute  polarization  and 
relaxation  times  respectively.  The  electrochemical  potential 
between  the  LiAl  (2-phase)  reference  and  carbon-lithium  work¬ 
ing  electrodes  were  recorded  on  a  digital  oscilloscope  for  each 
polarization-relaxation  period.  Experiments  were  carried  out 
at  fixed  temperatures  and  over  a  period  of  12-18  hours  after 
initial  potential  became  steady. 


Under  GITT  conditions  of  small  currents  (t  <  i^)  and 

short  polarization  time  (r  <  n2/6),  i.e.,  under  small  aotiva- 
tion  and  concentration  overpotcntials,  the  potential  and  con¬ 
centration  changes  in  single  phase  follow  an  approximate  linear 
form  (6J.  For  this  unsteady-state  cylindrical  diffusion  problem 
with  prescribed  flux  (7,8),  an  approximate  solution  |8]  ,  for 
t  ( i^/D ,  at  the  electrode  and  electrolyte  interface  (r=a)  was 
used  to  obtain  [5] 
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The  above  equation  gives  an  expression  inter- relating  diffusion 
coefficient,  D ,  and  the  transient,  A £Y,  and  steady,  AEs,  po¬ 
tential  changes  in  CITT  for  a  cylindrical  geometry. 


Figure  1  shows  one  potential  transient  tnat  was  obtained 
at  582°C.  In  these  outputs  the  IR-drop,  the  transient  and 
steady  potential  changes  could  be  measured.  The  diffusivity 
values  obtained  at  582°C  are  shown  in  Figure  2.  As  expected 
these  values  are  very  rapid.  These  Studies  show  that  diffusiv¬ 
ity  varies  with  composition  and  temperature  of  stoichiomet¬ 
ric  and  non-stoichiometric  lithium  intercalation  compounds  in 
graphite.  The  activation  energy  in  the  higher-stage  region  is 
3.5  kcal/molo.  For  the  lower-stage  lithium  intercalation  com¬ 
pounds  those  values  show  fluctuations  that  were  completely 
reproducible.  Both  structural  changes  and  filling  in  the  host 
graphite  may  be  important. 
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Figure  1.  Potential  transient  du¬ 
ring  one  G1TT  pulse  at  5S2°C: 

(a)  shows  IR-drop  measurement 

(b)  shows  potential  changes 
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Abstract  Ko.  732 

recovery  of  oxygen  from  carbon  dioxide  in  a 
high  temperature  electrochemical  reactor 

Turgut  M.  Gur,  Takashi  Nohmi,  Henry  Wise  and 
Robert  A.  Huggins 

Department  of  Materials  Science  and  Engineering 
Stanford  University,  Stanford  ,  CA  94305 

Carbon  dioxide  accumulation  from  exhalation  in 
enclosed  environments  or  vessels  is  a  serious 
problem  for  obvious  reasons.  The  need  to  recover 
oxygen  to  replenish  the  atmosphere  is  implicit  in 
such  closed  systems.  Life  support  systems  utilizing 
stabilized  zirconia  solid  oxide  electrolytes  have 
been  developed  in  the  past  for  the  purpose  of 
reducing  CO2  and  recovering  oxygen.  However, 
simple  reduction  of  carbon  dioxide  to  carbon  and 
oxygen  in  such  systems  deposited  carbon,  which 
eventually  c  logged  up  the  reactor  and  caused 
system  failure. 

This  study  adopted  a  different  approach  to  the 
reduction  of  carbon  dioxide  and  the  simultaneous 
recovery  of  oxygen.  The  central  concept  is  that  the 
rates  of  heterogeneous  chemical  reactions  can  be 
enhanced  by  the  control  of  the  properties  of  the 
catalyst  surface  in  situ  during  the  course  of  the 
reaction.  This  can  be  accomplished  by  the  use  of  a 
solid  state  electrochemical  cell,  in  which  one  of  the 
components  can  be  added  to  or  deleted  from  the 
catalyst  surface  by  electrically  driven  mass 
transport  through  an  underlying  solid  electrolyte. 
Such  solid  state  electrochemical  cells  featuring  an 
oxide  ion-conducting  solid  electrolyte  have  been 
used  sucessfully  in  the  past  for  the  decomposition 
of  NO  [1],  expoxidation  of  ethylene  [2], 

hydrogenation  of  CO  [3]  and  the  oxidation  of 
hydrogen  [41. 

A  second  important  aspect  of  the  present  work  was 
the  addition  of  H2  into  the  reaction  gas  stream  to 
hydrogenate  the  surface  carbon  resulting  from  the 
decomposition  of  COj  to  obtain  methane  and  other 
hydrocarbons. 

The  experimental  apparatus  built  to  carry  out  this 
study  allowed  operation  in  either  flow-through  or 
recirculation  modes.  The  reactor  consisted  of  a 
yttria-stabilized  zirconia  tube  closed  at  one  end  and 
sealed  in  a  quartz  jacket  such  that  the  open  end  of 
the  tube  was  exposed  to  the  ambient  atmosphere. 
Suitable  electrodes  were  deposited  on  the  inside 
and  outside  walls  of  the  tube  at  its  closed  end.  The 
reactor  was  operated  under  a  total  pressure  of  1 
atm  and  at  temperatures  up  to  850  °C.  The 
compositions  of  the  reactant  and  product  gases 
were  analyzed  by  gas  c hromotography.  The  overall 
reaction  can  be  expressed  as 

CO2  +  2H2  -  CHt  +  O2 


The  oxygen  was  transported  through  the  solid 
electrolyte  and  recovered  in  a  separate 
compartment.  This  approach  provided  many 

advantages'.  first,  it  minimized,  and  under 

carefully  selected  conditions  totally  eliminated, 
carbon  deposition  and  reactor  clogging;  second,  it 
allowed  recovery  of  oxygen  in  pure  form  in  a 
separate  compartment;  third,  the  reaction  gave 
gaseous  products  such  as  methane  and  other 
hydrocarbons  that  were  not  only  easy  to  handle  in 
a  reaction  system  but  are  also  useful  chemicals;  and 
fourth,  the  catalytic  rates  achieved  by  this 
electrochemical  route  were  significantly  higher  that 
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Abstract  No.  733 

RESISTIVITY  MEASUREMENTS  OF  HIGH- 
TEMPERATURE  IMMOBILIZED  ELECTROLYTES 

Laszlo  Redey  and  Margaret  McParland 
Argonne  National  Laboratory 
Chemical  Technology  Division 
9700  S.  Cass  Ave.,  Argonne,  IL  60439 

INTRODUCTION 

High-temperature  immobilized  electrolytes  (HTIE) 
form  a  new  class  of  separators  that  are  applicable  in 
advanced  primary  [1]  and  secondary  [2]  batteries,  as 
well  as  in  fuel  cells  (3].  HTIE  materials  consist  of 
a  matrix  of  a  chemically  inert  insulator,  ceramic 
material  and  a  liquid  salt  held  in  place  by  capillary 
forces  in  the  pores.  The  matrix  material  is  either  a 

(1)  felt  or  fabric  or  (2)  a  powder. 

The  usual  cell  configurations  for  determining 
resistivity /conductivity  in  liquid  or  solid  materials 
are  not  applicable  for  HTIE  materials.  These 
materials  are  pastes  or  thin,  pliable  layers  without 
any  self-supporting  capability  in  the  temperature 
range  of  interest. 

EXPERIMENTS  AND  RESULTS 

The  different  types  of  the  HTIE  separators 
require  a  firm  support  at  high  temperature  to 
maintain  a  specified  geometry.  This  property  of  the 
HTIE  separators  and  the  phase  change  that  occurs 
between  the  temperatures  of  specimen  preparation  and 
the  measurement  require  a  special  cell  design. 

An  Interrupted  direct-current  (DC)  technique  has 
been  chosen  for  the  resistivity  measurement.  The 
resistivity  cell  consists  of  a  separator  specimen  of 
precisely  known  geometry  sandwiched  by  two  high- 
density  alumina  plates  in  a  horizontal  orientation; 
the  cell  constant  is  0.01-0.05  cm.  The  lower  plate 
bears  (1)  contains  two  electrodes  to  introduce 
square-shape  current  pulses  of  short  duration  through 
the  specimen  and  (2)  two  potential  sensing  electrodes 
to  measure  the  IR  voltage  drop  that  develops  during 
the  current  pulses.  Schematic  representations  of  the 
cell  and  the  measuring  circuit,  as  well  as  a  diagram 
that  illustrates  the  measuring  principle,  are  shown 
in  Fig.  1.  Current  pulses  of  low  intensity  are 
applied  alternatively  in  opposite  directions  to  avoid 
polarization  of  electrodes  and  concentration  changes 
in  the  specimen.  The  voltage  traces  measured  between 
the  potential  sensing  electrodes  (Vg)  and  across  a 
precision  resistor  (PR,  Vpg)  are  recorded  on  a 
digital  storage  oscilloscope  and  are  compared  to 
calculate  the  resistivity  of  the  specimen.  Because  of 
the  high  hygroscopicity  of  the  electrolyte  salts,  the 
measurement  is  carried  out  in  a  high-purity  He 
atmosphere  glove  box. 

A  resistivity  vs.  temperature  plot  of  a 
separator  (35  wt  X  MgO  in  44.2  wt  X  LiCl-55.8  wt  X 
KC1  eutectic  salt)  is  shown  in  Fig.  2  to  illustrate 
the  capability  of  the  technique.  The  test  specimens 
were  cut  to  precise  dimensions  from  pellets  provided 
by  the  Sandla  National  Laboratories  (Ref.  R. 

Guidottl) . 

DISCUSSION 

The  DC  technique  has  been  chosen  because  of  (1) 
the  greater  flexibility  in  cell  design,  (2)  absence 
of  leakage  currents,  which  frequently  cause  problems 
in  AC  circuits,  (3)  fewer  problems  with  electrical 
noise,  and  (4)  faster  measurements,  since  there  is  no 
need  for  repetitive  measurements  at  several 
frequencies . 


As  Fig.  2  shows,  the  measured  values  obtained 
during  temperature  scanning  are  within  a  narrow  range 
of  scatter.  Parallel  measurements  on  several 
separator  materials  have  established  the  precision  of 
the  resistivity  data  at  +2.5X.  This  limit  includes 
(1)  slight  density  deviations  due  to  the  powder¬ 
pressing  method  of  specimen  preparation,  (2) 
limitation  in  precise  reproduction  of  specimen 
geometry,  and  (3)  the  low-level,  but  detectable 
electrical  noise.  An  additional  uncertainty  is 
related  to  the  solid- to- liquid  phase  change  between 
the  temperatures  of  specimen  preparation  and 
measurement,  as  well  as  to  the  shrinkage  of  the 
specimen  at  the  temperature  of  the  measurement  caused 
by  the  gradual  disappearance  of  gas  filled  pores. 

Figure  2  shows  that  the  conductivity  of  the  HTIE 
separator  is  significantly  less  than  that  of  the  pure 
molten  salt  [4].  This  difference  is  being  analyzed  by 
the  mathematical  models  available  for  the  conductiv¬ 
ity  of  two-phase  systems  [5],  but  at  this  time,  an 
optimum  model  description  has  not  yet  been  found. 

The  activation  energy  of  conduction  (U£) 
calculated  from  the  log  K  *  A  +  (-uJ/RT)  relationship 
is  u£*8.87  kJ/mol  at  450°C  and  A«1.40,  see  Fig.  3;  it 
indicates  only  a  slight  difference  from  the  value  of 
the  pure  liquid  salt  (u£»7.69  kJ/mol,  A-1.48). 

The  resistivity  data  of  HTIE  separators  have 
been  are  used  in  performance  evaluation  (1)  and 
modeling  [6)  of  Li-alloy/metal  sulfide  cells. 
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Resistivity,  ohm.cm 


Fig.  1.  Schematics  of  circuit  diagram  and  measuring 
principle.  PS  power  source,  variable 
constant  current  source,  PLC  programmable 
logic  controller,  PR  precision  resistor,  S 
specimen,  Rg  resistance  of  specimen,  Rpg 
resistance  of  precision  resistor. 
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Fig.  3.  Graph  for  calulation  of  the  activation 

energy  of  conductance.  Data  for  the  pure 
LiCl-KCl  eutectic  are  taken  from  Ref.  4. 


Fig.  2.  Resistivity  vs.  temperature  plot. 
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Mixed-Conducting  Membranes  for  Hydrogen- 
Transporting  S/L/S  "Solid 
Electrolyte”  Configurations 

M.  Schreiber,  J.  Wolfenstine  and  R.  A.  Huggins 
Dept  of  Materials  Science  &  Engineering 
Stanford  University 
Stanford.  CA  94305 

A  novel  S/L/S  configuration  that  can  be  used  as  a  solid  electrolyte 
for  hydrogen  at  elevated  temperatures  was  recently  described  (1,2). 
It  consists  of  two  solid,  but  hydrogen  -  transparent,  metallic 
membranes  that  act  as  mixed  -  conducting  electrodes.  Between  these 
membranes  is  a  molten  salt  containing  hydride  ions.  One  example  is 
a  solution  of  LiCl,  KC1,  and  LiH.  Such  salts  are  stable  at 
temperatures  appreciably  higher  than  proton  -  containing  salts.  By 
placing  a  potential  difference  between  the  two  mixed  conductors, 
hydrogen  is  caused  to  move  across  the  electrolyte.  If  the  chemical 
diffusion  of  hydrogen  is  sufficiently  fast  within  the  membrane 
electrodes,  the  difference  in  hydrogen  activity  imposed  by  the 
potential  difference  will  appear  on  their  outer  surfaces. 

Alternatively,  rapid  chemical  diffusion  of  hydrogen  through  such 
membranes  means  that  the  imposition  of  a  chemical  potential 
difference  at  their  outer  surfaces  is  translated  into  a  difference  in 
chemical  potential  between  their  inner  surfaces,  and  thus  across  the 
electrolyte,  producing  a  difference  in  the  electrochemical  potential  of 
electrons,  and  thus  a  measurable  voltage. 

Thus  such  a  configuration  can  be  used  in  either  pump  or  a  sensor 
modes,  operating  in  a  manner  directly  analagous  to  a  solid 
electrolyte  with  porous  three  -  phase  -  contact  electrodes  in  contact 
with  gases. 

Key  elements  in  this  concept  are  the  two  hydrogen  -  transporting 
mixed  -  conducting  membranes.  In  order  to  provide  rapid  kinetics 
in  either  the  pump  or  sensor  modes,  they  must  have  high  chemical 
diffusion  coefficients  for  hydrogen.  In  addition,  these  materials 
must  also  meet  several  thermodynamic  requirements.  In  onder  to  be 
compatible  with  the  external  environment,  such  a  membrane  must  be 
stable  in  the  face  of  the  chemical  potentials  imposed  upon  it  by 
adjacent  phases.  In  addition,  it  must  be  thermodynamically  stable  in 
contact  with  the  encapsulated  liquid  electrolyte. 

These  requirements  will  be  discussed  in  some  detail  for  several  areas 
of  potential  application,  such  as  the  intermediate  temperature 
electrolysis  of  water  to  extract  hydrogen,  the  separation  of  hydrogen 
from  flowing  gas  streams,  hydrogen  sensors,  and  hydrogen  - 
combusting  fuel  cells. 


ArigtQwlfidgemcm 

Partial  financial  support  of  work  in  this  area  at  Stanford  by  the  US 
Department  of  Energy  under  Subcontract  LBL  -  4536310  and 
Contract  BNL  2743 1 8-S  is  gratefully  acknowledged. 

References 

1.  G.  Deublein,  B.  Y  Liaw,  and  R.  A.  Huggins,  Presented  at  the 
6th  International  Conference  on  Solid  State  Ionics,  Garmisch- 
Partenkirchen,  Sept.  1987.  To  be  published  in  Solid  State  Ionics. 

2.  R.  A.  Huggins,  Presented  at  the  6th  International  Conference  on 
Solid  State  Ionics,  Garmisch-Partenkirchen,  Sept  1987.  To  be 
published  in  Solid  State  Ionics. 

3.  G.  Deublein  and  R.  A.  Huggins,  Presented  at  the 
Electrochemistry  Society  Meeting  in  San  Diego,  Oct.  1986.  To  be 
published  in  the  Journal  of  the  Electrochemical  Society. 


Several  metallic  phases  with  body  *  centered  cubic  crystal  structures 
are  worthy  of  consideration  for  such  purposes.  The  properties  of 
several  materials  in  this  category  will  be  reviewed. 

Especially  important  is  the  requirement  that  the  oxygen  and  water 
vapor  activities  be  maintained  at  very  low  values  in  order  to  prevent 
the  formation  of  hydrogen  -  blocking  films  upon  the  membrane 
surfaces.  Several  approaches  to  the  solution  of  this  problem  in 
molten  salts  have  been  discussed  previously  (3). 
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SOLID  STATE  EL EC TROCHROM I C  W1NDOWS-AH  OVERVIEW 

R.  David  Rauh 

EIC  Laboratories,  Inc. 

Norwood,  Massachusetts  02062 


The  last  several  years  has  seen  a  resurgence  in  inter¬ 
est  In  electrochromism,  not  for  displays,  but  for  var¬ 
iable  transmittance  windows  |l!.  Electrochromic 
"smart"  windows  hold  the  prospect  for  adjustable  light 
transmittance  Induced  by  a  low  voltage  dc  electrical 
current.  As  shown  In  Figure  1,  the  basic  structure  is 
that  of  a  thin  film  secondary  battery  with  a  visible 
state  of  charge.  As  such,  the  window  is  comprised  of 
three  types  of  thin  film  materials:  1)  transparent 
electrical  conductors,  which  act  as  current  collec¬ 
tors;  2)  mixed  conductors,  which  form  the  electro¬ 
active,  color  changing  elements;  and  3)  ion  conduc¬ 
tors,  which  form  the  electrolyte  while  being  electron¬ 
ically  insulating.  Interestingly,  numerous  electro- 
chromic  light  modulators  in  the  literature  are  lacking 
one  or  more  of  these  fundamental  components,  resulting 
in  either  poor  long  term  reversibility  and  disruption 
of  electrode  components,  shore  open  circuit  memory 
arising  from  chemical  or  electronic  self-discharge,  or 
both. 

Currently,  there  are  two  basic  approaches  to  window 
construction.  One  is  to  deposit  the  electrical  con¬ 
ductor  and  electrochromic  electrodes  separately  on  two 
pieces  of  glass,  then  to  laminate  them  together  with  a 
semisolid  or  polymeric  electrolyte.  The  second  is  to 
produce  a  multilayer  thin  film  stack  by  sequential 
sputtering  of  ¥he  layers.  The  principle  difference 
between  the  two  approaches  lies  in  the  electrolyte. 

Materials  development  for  electrochromic  windows  has 
been  concerned  mostly  with  the  electrochromic  and 
electrolyte  layers.  The  primary  electrochromic  mate¬ 
rial  being  considered  is  still  WO3,  since  it  combines 
robustness  with  long-term  cyclabllity,  as  demonstrated 
repeatedly  in  the  display  literature  |2|.  Variants  of 
W03,  particularly  crystallised  thin  films  1 3 1  and 
hexatungstates  |4,5|,  have  substantial  reflectance 
components  to  thjir  electrochromic  response.  The  var¬ 
iable  reflectance  has  been  shown  to  give  a  favorable 
optical  response  for  windows,  permitting  selective 
attenuation  of  the  near  infrared  solar  spectrjm  at  low 
state  of  charge  while  deeper  coloration  leads  to 
decreases  in  visible  light  transmission. 

Considerable  work  has  been  carried  out  in  this  labora¬ 
tory  on  developing  a  reversible  complement  to  WO3  for 
use  as  the  counter  electrode  in  electrochromic  win¬ 
dows.  lhe  best  characterized  material  is  Ir02,  pre¬ 
pared  by  rf  magnetron  sputtering.  This  oxide  becomes 
colorless  on  reduction  {the  oppos  te  of  WO 3).  These 
two  oxides  have  been  used  to  fabricate  electrochromic 
windows  with  proton  conducting  electrolytes  (e.g., 
polyAMPS)  that  switch  between  75*  and  25*  Integrated 
vfsfble  solar  transmittance,  and  have  exceeded  10  ' 
cycles  In  accelerated  tests  |4|.  Each  electrode  has 
excellent  oxidation/reduction  reversibility,  resulting 
in  the  transmission  of  the  window  being  a  predictable 
function  both  the  voltage  applied  across  the  two  elec¬ 
trodes  and  the  charge  passed.  This  kind  of  reproduci- 
tility  will  be  necessary  for  control  in  actual  build¬ 
ing  environments. 

Electronically  conducting  polymers  form  another  class 
of  counter  electrode  which  develop  color  oxidatively. 
A  prime  example  is  polyaniline,  which  is  yellow  when 
reduced  and  blue  when  ox*dized  161 .  Figure  2  shows 
the  visible  solar  attenuation  of  W03,  and  both  Ir02 
and  polyaniline  counter  electrodes  as  a  function  of 


charge  capacity  (thickness).  The  total  transmission 
of  a  window  comprised  of  WO 3  in  series  with  either 
counter  electrode  is  given  by  the  product  of  the 
transmittances  of  the  individual  electrodes  at  equal 
charge  ccr’^tles  I7)'  It  is  seen  that  polyaniline  is 
compromised  somewhat  compared  to  Ir02  by  Its  lower 
bleached  (reduced)  state  transmittance.  Conductive 
polymers  are  sensitive  to  irreversible  anodic  decompo¬ 
sition  reactions  occurring  at  potentials  only  slightly 
positive  of  the  electrochromic  transition.  Such 
decomposition  can  be  difficult  to  avoid  in  two- 
electrode  window  structures. 

Recently,  lithium-based  window  structures  are  being 
demonstrated,  to  avoid  the  possibility  of  irreversible 
H20  electrolysis  at  the  thin  film  Interfaces,  and  also 
to  achieve  a  truly  "dr/’  system.  We  have  shown  that 
some  inexpensive  oxides  like  V2O5  can  ^e  used  as  the 
counter  electrode  with  Li,  providing  ...  gely  oxidative 
coloration,  as  with  Ir02  |7].  The  electrolyte  remains 
the  major  area  of  improvement  for  LI -based  windows. 
We  have  demonstrated  windows  that  work  well  at  room 
temperature  with  polyphosphazine  electrolytes  |8|. 
All  thin  film  structures  with  L i NbO 3  as  the  electro¬ 
lyte  and  ln203  or  V205  electrodes  have  been  reported 
by  Goldner  et  al .  19). 
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\  Fig.  1.  Cross  section  of  an  electrochromic  window. 

1,1 '  -  transparent  substrates;  2  -  transparent  elec- 
1  trical  contacts,  e.g.,  ITO ;  3  -  cathodically  coloring 

layer  (e.g.,  WO3);  4  -  ion  conductor;  5  -  anodically 
coloring  layer.  Layer  1  would  be  absent  in  an  all- 
thin  film  structure. 


mc/cm2 

Fig.  2.  Maximum  and  minimum  integrated  visible  solar 
transmittance  (400-700  nm)  of  candidate  electrochromic 
thin  films  as  a  function  of  charge  capacity. 
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Single  crystals  of  Na+-0"-alumina  which 
have  been  doped  with  Cu+  show  a  bright  green 
luminescence  centered  at  535nm  when  excited 
with  a  variety  of  ultraviolet  wavelengths  at 
room  temperature.  At  low  temperatures,  the 
presence  of  several  distinct  emissions  in 
both  the  blue  and  green  regions  of  the  spec¬ 
trum  indicate  a  more  complex  interaction  of 
copper  ions  with  each  other  and  with  the  host 
lattice.  Two  emissions  (at  410  and  440nm) 
can  be  attributed  to  single  ion  emission  from 
two  distinct  sites  within  the  lattice,  while 
two  emissions  at  525nm  and  545nm  are  attrib¬ 
uted  to  two  Cu+-Cu+  dimer  species  forming 
within  the  conduction  planes. 

The  low  temperature  emission  spectrum  has 
been  found  to  change  with  time  when  the  crys¬ 
tal  is  irradiated  at  351nm.  Over  a  period  of 
seconds,  blue  emission  decreases  in  inten¬ 
sity,  while  the  green  emission  intensity  sig¬ 
nificantly  increased.  These  changes  occur 
only  in  the  part  of  the  sample  exposed  to  the 
irradiation,  while  the  rest  of  the  sample  is 
unaffected.  The  mechanism  of  this  change  is 
a  photoinduced  aggregation  of  the  Cu *  iso¬ 
lated  ions  in  the  conduction  plane  to  form 
Cu+-Cu+  pairs. 

The  bonding  between  d10  valence  shells 
(such  as  Cu+)  has  been  discussed  by  Hoffmann 
and  coworkers  (1-2].  In  these  studies  the 
authors  showed  how  repulsion  between  two 
closed  shells  could  be  converted  to  an 
attraction  by  inclusion  of  unfilled  orbitals 
of  the  proper  symmetry.  This  attractive 
energy  provides  a  driving  force  for  the 
observed  photoaggregation.  The  energy  intro¬ 
duced  into  the  Cu+  ions  by  the  ultraviolet 
excitation  provides  the  activation  energy 
required  for  the  ionic  mobility.  The  rate  of 
increase  of  the  green  emission  peak  can  be 
shown  to  follow  simple  diffusion  laws. 

The  dynamic  interaction  of  Cu+  ions  to 
form  dimers  in  the  conduction  plane  of 
Na  +  -/9"-£.lumina  is  similar  to  that  reported  in 
SrCl2  crystals,  although  the  effects  observed 
in  ^"-alumina  can  occur  at  much  lower  temper¬ 
atures  than  were  reported  by  Payne  (3].  This 
is  a  result  of  the  high  mobility  of  Cu+  ions 
in  the  ^"-alumina  conduction  plane,  which 
translates  into  an  ionic  hopping  rate  of 
about  109  per  second  at  room  temperature. 
Therefore,  even  in  crystals  with  dilute  Cu+ 
concentrations  where  random  ion-ion  separa¬ 
tions  would  be  expected  to  be  at  least  50A, 
the  possibility  of  Cu+-Cu+  encounters  is  very 
high. 

The  reduction  of  the  intensity  of  the 
blue  emission  as  the  temperature  of  the 
sample  is  raised  suggests  that  the  Cu+ 
monomer  emission  is  incompatible  with  the 
high  ionic  conductivity  in  Na+-0"-alumina . 
Either  of  two  effects  may  lead  to  this  reduc¬ 
tion  in  blue  luminescence.  The  dominance  of 
the  green  emission  attributed  to  the  Cu+-Cu+ 
dimer  at  room  temperature  suggests  that  the 
formation  of  these  dimers  is  indeed  energeti¬ 
cally  favorable.  Thus  when  the  ionic  conduc¬ 
tivity  of  the  crystals  becomes  appreciable, 


it  becomes  more  likely  that  the  isolated  Cu+ 
ions  will  be  able  to  form  these  pairs  via 
diffusion  mechanisms.  This  would  result  in  a 
reduction  of  the  blue  intensity  by  elimina¬ 
tion  of  the  blue  emitting  species.  However, 
one  other  effect  must  be  considered.  The  per¬ 
turbing  influence  of  ionic  mobility  may  be 
sufficient  to  produce  non-radiative  quenching 
effects  upon  the  Cu+  excited  state,  resulting 
in  a  reduction  of  both  intensity  and  lifetime 
of  the  emission.  Such  effects  are  not  well 
known  in  traditional  close  packed  optical 
hosts,  as  ionic  mobility  in  these  materials 
is  usually  negligible.  This  raises  the  possi¬ 
bility  that  there  may  be  an  equilibrium  dis¬ 
tribution  of  both  isolated  ions  and  dimers 
( 2Cu+  *=  Cu22+)  in  the  Cu+  doped  Na+-0"- 

alumina  crystals  at  all  temperatures,  and 
that  the  absence  of  the  blue  emission  bands 
at  room  temperature  is  due  to  the  non- 
radiative  deactivation  of  the  isolated  ions 
caused  by  ionic  mobility.  The  end  result  is 
that  only  the  green  emission  from  the  Cu+-Cu+ 
dimers  is  observed  at  room  temperature.  The 
presence  of  the  dimer  emission  at  room  tem¬ 
perature  and  above  suggests  that  these 
species  are  relatively  immobile  at  these  tem¬ 
peratures. 
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introduction;  Following  from  the 
reports  of  the  'high'  conductivities  of 
trivalent  lanthanide  ions  in  the 
P"-aluminas  (IQ-5  <ohm-cm)_1)  (1),  many 
studies  have  been  carried  out  on  these 
interesting  materials.  In  particular, 
the  optical  properties  of  the  Nd 
P ''-aluminas  have  been  well  researched 
due  to  their  potential  applications  in 
opto-electronic  devices.  (2,3,4) 
However,  there  have  been  very  few 
structural  studies  on  these 
systems . (5, 6)  A  single  crystal  x-ray 
study  on  a  thermally  uncharacterized  Gd 
p"-alumina  sample  reported  predominant 
occupation  of  the  mO  site  within  the 
conduction  planes. (5)  A  TEM  study  by 
Davies,  (6)  found  evidence  for  a 
long-range  ordered  structure  in  the 
100%  Nd  material,  intergrown  with  a 
disordered  structure.  The  cooling  rate 
of  these  samples  was  not  controlled. 

in  this  work  we  have  investigated 
the  effect  of  thermal  treatments  on  the 
structural  and  optical  properties  of 
the  Nd  and  Gd  P"  aluminas  utilizing 
single  crystal  x-ray  diffraction 
techniques,  electron  diffraction  and 
high  resolution  TEM,  and  optical 
absorption  spectroscopy. 

Single  crystals  of 
Na5/3_xMx/3Mg  .6?Al’o.33  (1/2  ^  x  5  5/3, 
M3 +  =  Nd3  +  , Gd3+ )  were  prepared  by 
ion-exchange  techniques  and  were 
subjected  to  various  thermal 
treatments.  The  samples  were  either 
quenchedo  from  high  temperatures 
(600-700°C)  or  were  annealed  at  low 
temperatures  (300-4  00  C)  .  The 
treatments  were  carried  out  in  sealed 
quartz  tubes  to  avoid  the  possibility 
of  hydration  that  may  occur  under 
ambient  conditions. 

Bpmiir.s;  Long-range  ordered 
structures  were  observed  across  the 
binary  Na-M3+  system  down  to  a  sample 
with  only  30%  of  the  Na  replaced  by  Nd. 
In  all  cases  the  ordering  occurs  both 
within  the  conduction  planes  as  well  as 
along  the  c  axis  as  was  first  seen  by 
Davies  (6)  in  the  completely  exchanged 
Nd  material. 

Samples  which  were  slow-cooled  or 
annealed  at  low  temperatures  showed  an 
increase  in  the  intensity  of 
superlattice  reflections,  and  a 
corresponding  increase  in  the  ordered 
structure  as  evidenced  by  TEM  images. 
Quenched  samples  showed  significant 
decrease  in  the  amount  of  ordering.  In 
all  samples  studied,  no  matter  how  slow 
the  cooling  rate,  some  disordered 


structure  coexisted  with  the  ordered 
structure.  Kinetic  limitations 

apparently  prevent  the  formation  of  a 
completely  ordered  sample. 

Our  spectroscopic  measurements 
showed  that  relative  intensities  of 
electronic  transitions  are  highly 
sensitive  to  both  composition,  as 
reported  by  Dunn  (4),  and  to  cooling 
rate.  These  studies  revealed  changes  in 
the  relative  intensities  of  the 
absorptions  as  a  result  of  different 
thermal  treatments.  It  seems  likely 
that  these  changes  in  intensity  may 
reflect  changes  in  site  occupancies  of 
the  Nd  ions  in  the  conduction  planes 
resulting  from  thermal  treatment. 
These  factors  may  be  important  in  the 
application  of  these  materials  in 
optical  devices. 
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The  structure  and  properties  of  the  sodium-lanthanide 
aluminate  family  of  compositions  (SLnA  with  ln=  La,Nd,  Ce)  have 
been  previously  reported.  (1,2)  The  structure  is  interesting  in 
that  it  consists  of  alternating  stacking  of  half  3  alumina  unit  cells 
and  half  magnetoplumbite  (MP)  unit  cells.  The  initial 
conductivity  reported  for  the  SLnA  composition  suggested  that  the 
material  had  good  ionic  conductivity. 

The  present  investigation  involves  the  synthesis  and 
properties  of  sodium-cerium  aluminogallates  (SCAG)  where  a 
substantial  fraction  of  Ga  has  been  substituted  for  Al.  The 
compositions  have  the  ideal  formula: 

Nat  +yCe(AI1  .xGax)22  66°36  ♦y/2 

with  0.3  S  y  S  1  and  0  <  x  s0.5 

Several  methods  have  been  used  to  synthesize  these 
compositions:  (1)  solid  state  reactions  using  component  oxides 
with  NaF  and  (2)  co-precipitation  of  a  nitrate  mixture.  In  both 
cases  temperatures  above  1550  °C  were  necessary  to  produce  the 
proper  phase  and  the  trivalent  Ce.  Sintered  compacts  were 
prepared  from  the  powders.  In  these  samples  Ga  replaced  =  35  to 
45%  of  the  Ai  (i.e.,  x  *  0.35  to  0.45)  which  facilitated 
sintering.  Densities  of  =  90%  of  theoretical  were  obtained  by 
heating  to  1570  °C.  Single  crystals  of  SCAG  were  prepared  by  the 
skull  melting  technique  and  subsequently  used  in  the  X-ray 
o, .'fraction  study.  Magnetic  susceptibility  and  luminescence 
studies  confirmed  that  trivalent  Ce  was  obtained.  The  measured 
Curie  constant  (C-0.59)  is  identical  to  that  found  for  the  Ce(lll) 
hexa  aluminate,  CeMgAlnOig.  (3)  The  characteristic 
violet-blue  emission  of  Ce3*  was  observed  when  irradiated  at 
254  nm.  Both  of  these  measurements  give  clear  evidence  that  the 
high  temperature  synthesis  leads  to  reduction  of  Ce4*  to  Ce3*. 

X-ray  diffraction  of  both  powder  and  single  crystals 
confirms  that  SCAG  compositions  possess  structures  similar  to 
that  of  SLnA.  There  is  an  alternate  stacking  of  3  alumina  and  MP 
half-unit  colls  along  the  c-axis  with  the  Na*  and  Ce3*  localized 
in  different  mirror  planes.  The  Na*  possess  an  environment 
similar  to  that  of  Na*  in  3  alumina  while  Ce3*  is  situated  in  sites 
representative  of  the  MP  structure.  In  the  case  of  Ce3*, 
spectroscopy  studies  have  been  used  to  independently  determine 


the  nature  of  its  structural  environment.  ESR  spectra  for  Ce3* 
in  the  mixed  phase  materials  are  identical  to  that  of  Ce3*  in  the 
magnetoplumbite,  Lat.yCeyMgAln019  (3)  Thus,  the  Na+  are 
found  to  have  no  influence  on  the  local  crystal  field  experienced 
by  the  Ce3*. 

The  conductivity  for  several  SCAG  compositions  has  been 
measured  by  a  four-probe  complex  impedance  technique  using 
evaporated  gold  contacts.  Conductivity  was  measured  from  25  to 
300  °  C  and  found  to  obey  an  Arrhenius  relation.  The 
conductivity  at  300  °C  was  in  the  range  of  2  x  10‘3  (Qcm)"1  and 
represents  a  combination  of  crystal  and  grain  boundary 
contributions.  The  activation  energy  for  conduction  was  =  0.3  eV. 
These  transport  properties  were  found  to  be  relatively 
insensitive  to  sodium  content  (Nat  35  to  Na1  86)  and  Ga 
substitution  (Ga0  34  to  Ga0  44).  These  results  demonstrate  that 
SCAG  compositions  possess  a  reasonable  level  of  ionic 
conductivity  and  are  consistent  with  the  proposed  stiuctura! 
model  of  having  the  Na*  located  in  conduction  planes  similar  to 
those  of  3  alumina. 


REFERENCES 

1.  A.  Rafaoui,  A.  Kahn,  J.  Th6ry  and  D.  Vivien,  Solid  State  Ionics 
9/10,331  (1983). 

2.  A.  Kahn  and  J.  Th6ry,  J.  Solid  State  Chem.  64, 102  (1986). 

3.  B.  Viana  et.  al.  J.  Appl.  Phys.,  In  Press. 


Abstract  No.  739 


COMPARISON  OF  CONDUCTIVITY  MEASUREMENTS 
ON  BETA*1  ALUMINA  ISOMORPHS  BY  TWO-  AND 
FOUR-PROBE  TECHNIQUES 
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A  large  difference  exists  between 
the  conductivities  values  reported  at 
the  same  temperature  for  the  following 
polycrystalline  isomorphs  of  beta"  alumi¬ 
na:  Pb  (1-3),  Ca  (4-6)  and  Cd  (5,7).  This 
difference  results  from  a  combination 
of  factors: 

a)  Different  manufactoring  techniques, 
especially  the  difference  between 

ion  exchange  and  conventional  forming 
and  sintering. 

b)  Different  starting  materials  for  the 
ion  exchange. 

c)  Different  degrees  of  porosity  and 
the  possiblity  that  residues  of  salt 
are  left  in  the  porous  structure 
after  ion  exchange  and  cleaning  of 
the  sample. 

d)  Unreliable  extent  of  exchange  when 
determined  by  the  weight  change 
(possibility  of  residual  Na  ) . 

e)  Use  of  two-  or  four-probe  techniques 
in  the  measurement  of  the  conductiv¬ 
ity  as  a  function  of  temperature. 

The  purpose  of  this  paper  is  to  eval¬ 
uate  the  influence  of  factor  e) .  To  do 
so,  a  system  has  to  be  chosen  for  which 
the  influence  of  the  other  factors  is 
small.  Among  the  isomorphs,  produced  by 
us  so  far,  Sr  beta"  alumina  is  the  only 
polycrystalline  isomorph  which  does  not 
suffer  from  extensive  corrosive  attack 
during  ion  exchange  (5) ,  Therefore  two 
mixed  (Na,Sr)  beta"  alumina  with  differ¬ 
ent  composition  were  chosen.  The  mater¬ 
ials  were  produced  by  ion  exchange  of 
Na  beta”  alumina  (  bet.alyte  from  Ceram- 
atec  Inc.)  in  suitable  melts  of  NaNO,  , 
Sr(NO~)2  and  SrCl^.  The  extent  of  ex¬ 
change  was  determined  by  chemical 
analysis.  It  was  ''e’-if^ed  by  EL£X  that 
the  distribution  of  N.  and  SrT  ions 
was  uniform  across  the  sample. 

The  four-probe  measurements  were 
carried  out  as  described  previously  (3). 

The  two-probe  measurements  were  made  by 
an  automated  impedance  meter  (IM  5  of 
Zahner-elektrik,  West  Germany) .  The  same 
samples  were  employed  as  in  the  four-probe 
measurements  after  sanding  off  the  contacts 
for  the  four-probe  measurements.  The  samp¬ 
les  had  the  shape  of  a  bar  with  thicknes¬ 
ses  between  0.1  and  0.2  cm.  Platinum 
films  were  sputtered  onto  the  two  large 
surfaces  as  electr  ies  for  the  impedance 
me isuremcnts .  Cont'-rt  between  the  Pt 
film  and  the  leads  to  the  meter  was 
accomplished  by  silver  paint. 


The  two -probe  measurements  were  made 
at  a  constant  frequency  of  1000  Hz  during 
an  approximately  linear  increase  of  temper¬ 
ature  with  time  and  during  the  subsequent 
decrease.  The  phase  angle  was  also  recorded. 
The  conductivity  was  computed  from  those 
data  where  the  phase  angle  was  smaller 
than  20  (cosine  remains  close  to  l).This 
procedure  gave  temperature  ranges  of 
50  to  500°C  for  the  first  mater-'"!  (10% 
exchange  of  sodium)  and  250  to  500°C  for 
the  second  material  (70%  exchange) .  The 
temperature  dependence  of  the  conductivity 
was  of  the  Arrhenius  type. 

The  impedance  measurements  were  carried 
out  at  frequencies  between  0.01  and  100000 
Hz  atoconstant  temperatures  {  at  intervals 
of  50  C) .  Sometimes  the  impedance  meter 
restricted  the  upper  frequency  to  10000 
Hz.  The  data  were  only  available  in  a 
Bode  plot.  They  had  to  be  transferred 
to  another  PC  to  obtain  the  complex  impe¬ 
dance  plane  plots. 

The  data  for  the  material  with  10% 
exchange  did  not  allow  a  simple  extrapol¬ 
ation  procedure  for  the  determination 
of  the  resistance  of  the  solid  electrolyte 
(sum  of  bulk  and  grain  boundary  contribut¬ 
ions)  .  Neither  could  one  of  the  two  comp¬ 
onents  be  determined  separately.  The  meas¬ 
urements  represent  an  example  that  the 
conductivity  of  the  solid  electrolyte 
cannot  be  determined  in  a  simple  fashion 
from  the  impedance  measurements.  Further 
work  is  required  to  test  if  such  a  deter¬ 
mination  is  feasible  on  the  basis  of 
analog  circuits  considering  bulk  and  inter¬ 
facial  effects. 

The  data  for  the  material  with  70% 
exchange  display  the  existence  of  a  de¬ 
pressed  semicircle  at  higher  frequencies 
and  a  constant  phase  element  at  lower 
ones  between  300  and  500°C.  The  extrapolat¬ 
ion  of  the  right  end  of  the  semicircle 
to  the  abscissa  yields  resistances  which 
are  equal  to  the  solid  electrolyte  resist¬ 
ance  within  the  error  limits  of  the  comp¬ 
arison  of  results  from  two  different  tech¬ 
niques.  The  error  limit  is  relatively 
large  (  estimate  of  a  factor  2  to  3)  . 
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We  have  already  reported  a  newly  developed  Enzyme  Embodied  Electrode 
(EEE)  having  unique  characteristics  such  as  a  fast  response  of  less  than  3  sec 
and  long  stability  of  more  than  4  weeks[l-3].  EEE  is  easily  fabricated  by 
incorporating  enzyme  molecules  on  platinized  platinum  surface.  EEE  has 
another  advantage  that  it  is  easily  minituarizcd  to  a  diameter  of  10  fan.  In 
this  paper  we  would  like  to  demonstrate  that  EEE  can  be  adopted  also  to  a 
high  performance  electrochemical  detector  for  flow  injection  analysis. 

EXPERIMENTAL 

A  micro-platinum  electrode,  of  which  diameter  is  from  10  to  500  fan ,  in  an 
acrylic  block  was  platinized  by  an  electrolytic  reduction  of 
hexachloroplatinate.  Then  the  platinized  electrode  was  thoroughly  rinsed  in 
0.1  M  phosphate  buffer  (pH  6.8).  Glucose  oxidase  molecules  were 
incorporated  in  the  platinized  platinum  electrode  by  immersing  in  an  enzyme 
solution  for  10  min.  The  electrode  was  then  kept  in  a  bovine  scrum  albumin 
for  10  min  and  then  treated  with  a  2  %  glutaraldehyde  solution  buffered 
with  0.1  M  phosphate  for  10  min,  following  which  thorough  washing  of  the 
electrode  was  performed  overnight.  The  EPF  fabricated  above  was 
assembled  to  a  thin  layer  transducer  cel)  with  me  auxiliary  electrode  of 
stainless  steel  block.  The  reference  electrode  of  Ag/AgCl  was  positioned 
downstream  from  the  cell.  The  flow  rate  of  the  peristatic  pump  was 
controlled  at  0.8  mlVmin.  The  electrode  potential  of  micro-enzyme 
electrode  was  kept  at  0.6  V  against  a  Ag/AgCl  reference  electrode.  All  the 
experiments  were  carried  out  at  room  temperatures  (23  "C). 

RESULTS 

A  glucose  sample  (10  mM,  5  fjL)  was  repeatedly  injected  to  the  transducer 
cell.  Figure  1  shows  a  typical  response  of  the  detector  system.  Every 
response  reached  a  peak  within  2  or  3  sec  and  decayed  to  the  baseline  within 
a  few  seconds.  Each  peak  is  highly  reproducible,  and  was  about  200  nA  to 
10  mM  glucose  sample.  The  micro-enzyme  electrode  having  a  diameter  of 
100  fxm  gave  no  responses  to  either  blank,  fructose,  or  galactose  samples  in 
0.1  M  phosphate  buffer  of  pH  6.8,  when  the  anodic  polarization  was  given  to 
the  platinized  platinum  surface  before  incorporation  of  enzyme. 

A  series  of  glucose  samples  of  200  n M  to  20  mM  were  injected  to  the 
transducer  cell  having  a  100  fan  micro-enzyme  electrode.  Figure  2  shows  a 
linear  relationship  between  the  glucose  concentration  and  the  peak  height  in 
the  range  from  50  mM  to  20  mM.  As  was  already  reported  {1*3],  the 
micro-enzyme  electrode  showed  a  high  sensitivity  (least  detection  limit:  0.5 
fjM,  and  wide  dynamic  range  (0.5  fiM  -  20  mM)  in  a  batch  system 
measurement.  However,  in  this  flow  type  measurement  the  detection  limit 
was  in  the  50  p M  range  because  of  the  poor  signal  to  noise  ratio  due  to  a 
peristaltic  wave  caused  by  (be  double  plunger  pump. 

In  a  series  of  experiments  six  hundred  samples  of  10  mM  glucose  solutions 
were  injected  to  the  flow  cell,  having  an  EEE  of  100  pm  diameter  at  a  room 
temperature,  and  the  coefficient  of  variation  of  1.9%  was  observed.  The 
average  peak  current  was  252  nA  at  a  flow  rate  of  0.8  mlVmin.  As  this 
experiments  were  carried  out  at  a  room  temperature  of  23±2  V.  without 
tempearture  control,  subtle  change  of  the  room  temperature  in  one  hour 
seemed  to  have  affected  the  output.  We  are  convinced  that  strict  thermostat 
of  the  equipment  will  much  improve  the  reproducibility  of  the  peak  current. 

It  has  been  observed  that  the  peak  current  decreases  with  an  increase  in  the 
flow  rate  of  the  pump.  If  the  electrochemical  process  is  controlled  by  a  mass 
transport  in  the  diffusion  layer,  enhanced  peak  current  is  expected  at  a 
higher  flow  rate  [4,5].  Both  the  enzyme  reaction  of  glucose  oxidase  and  the 
electrochemical  oxidation  of  the  produced  hydrogen  peroxide  seem  to  be 
high  enough  to  generate  sensor  output,  since  apparent  Km  value  (ca.  50  mM) 
for  the  enzyme  electrode  is  much  greater  than  the  analyte  concentration  (10 
mM),  and  the  applied  potential  (0.6  V)  is  much  higher  than  the  oxidation 
potential  (ca.  0.45  V)  of  hydrogen  peroxide.  Therefore,  the  rate  determining 


step  of  the  electrode  reaction  would  be  the  mass  transport  within  the  pores 
of  the  platinum  black. 

In  order  to  see  the  long  term  stability  of  the  EEE  device  for  use  in  flow 
injection  analysis,  one  hundred  glucose  samples  were  injected  every  three 
days  to  a  transducer  cell  with  a  micro-enzyme  electrode  of  100  /an  diameter. 
The  cell  was  kept  in  a  refrigerator  (4  X))  when  the  electrode  was  not  in  use. 
It  has  been  confirmed  that  the  peak  current  kept  constant  and  the 
coefficient  of  variation  was  still  about  1%  even  after  one  month. 


Figure  1.  Typical  Responses  of  Flow  Injection  Analysis  with  EEE. 


Glucose  concentration  (M) 

Figure  2.  Dependence  of  Peak  Current  on  the  Glucose  Concentration. 
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Extended  Abstract 

While  bipolar  transistors  used  in 
integrated  circuit  applications  tend  to  be 
fabricated  without  surface  influence  to 
achieve  high  gain  and  good  electrical 
features,  it  is  possible  to  fabricate  BJT's 
where  emitter  surface  effects  play  an 
important  role  in  the  device  performance. 
In  this  case,  the  surface  is  chemically 
active  and  if  the  chemical  reactions  alter 
the  recombination  properties  of  the 
surface,  the  bipolar  device  can  be  used  as 
a  chemical  sensor.  Such  a  sensor  is 
described  below. 

The  chemically  sensitive  BJT  uses 
chemical  alteration  of  the  emitter  surface 
recombination  as  a  means  of  detecting  the 
presence  of  the  chemical  species.  The 
emitter  surface  is  fabricated  to  have  a 
thin,  tunnelling-thickness  oxide.  If  G-R 
centers  are  chemically  active  to  specific 
chemical  species  and  the  ensuing  chemical 
reaction  activates  or  neutralizes  G-R 
centers,  the  rate  of  surface  recombination 
is  altered.  If  the  device  performance 
depends  on  surface  G-R  effects,  then  the 
chemical  species  is  detected. 

The  details  of  the  device  operation 
are  easily  understood.  For  an  NPN  bipolar 
junction  transistor,  the  base  current  is 
injected  into  the  emitter.  This  injected 
current  biases  the  emitter-base  junction 
potential.  This  bias  allows  current  to 
flow  between  the  collector  and  emitter.  If 
the  base  current  is  kept  constant  while  the 
emitter  surface  recombination  is  allowed  to 
increase,  the  emitter-base  junction  bias 
will  decrease.  This  decrease  in  junction 
bias  results  in  a  decrease  in  the  emitter 
to  base  current  injection.  The  decrease  in 
current  injection  means  the  collector 
current  likewise  decreases.  The  decrease 
in  the  collector  current  while  a  constant 
base  current  is  applied  translates  to  a 
reduction  in  the  dc  gain  of  the  transistor. 
Observing  the  change  in  the  dc  gain  of  the 
chemically  sensitive  BJT  is  a  mode  of 
detection  of  the  chemical  species. 

It  is  well  known  that  hydrogen  affects 
surface  G-R  center  density  at  the  Si-Si02 
interface  [1,2, 3, 4].  For  this  reason 
hydrogen  was  selected  to  illustrate  the 
device  behavior.  The  concept  was  to 
introduce  hydrogen  and  look  for  a  change  in 
the  device  gain. 

Changes  in  the  BJT  gain  were  observed 
after  exposure  to  a  hydrogen  ambient. 
Figure  2  shows  typical  test  results  for  the 
transistor  before  and  after  exposure  to 
hydrogen  gas.  The  gain  of  the  device 
decreased  with  hydrogen  indicating  a 
hydrogen  induced  increase  in  emitter 
surface  recombination. 

The  removal  of  the  chemical  species 
from  the  emitter  surface  should  erase  the 
chemical  induced  surface  effects  on  the 


transistor.  The  adsorbed  chemical  species 
at  the  emitter  surface  may  be  removed  by 
providing  sufficient  energy  to  break  the 
bonds.  One  method  of  providing  such  energy 
is  to  illuminate  the  emitter  surface. 
Photons  may  transfer  their  energy  to  the 
adsorbed  species  to  free  them  from  the 
surface.  Figure  3  shows  the  effects  of 
illuminating  a  hydrogen  exposed  device  with 
UV  light.  The  increase  in  gain  after  UV 
light  exposure  indicates  a  decrease  in 
hydrogen  induced  emitter  surface 
recombination.  The  device  has  thus  been 
reset. 

The  bond  strengths  of  different 
chemicals  with  silicon  may  be  used  to 
discriminate  between  chemical  species 
adsorbed  at  the  emitter  surface. 
Illumination  of  the  surface  by  light  with  a 
wavelength  corresponding  to  the  bond 
strength  may  release  the  chemical  from  the 
surface.  The  removal  of  the  adsorbed 
chemical  species  should  affect  the  gain  of 
the  transistor.  A  range  of  wavelengths  may 
be  used  to  detect  the  presence  of  more  than 
one  chemical  species  and  to  discriminate 
between  the  species.  Thus  the  device 
behaves  as  a  chemical  spectrometer. 

The  chemically  sensitive  BJT  benefits 
from  its  small  size  and  its  simple  design. 
It  is  compatible  with  integrated  circuit 
technology  and  may  be  easily  integrated 
with  appropriate  circuitry.  The 

sensitivity  of  the  device  is  controlled 
through  transistor  design. 
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Figure  1:  Cross-section  of  a  chemically 
sensitive  bipolar  junction  transistor. 
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Figure  2:  Typical  chemical  sensitive  BJT  Ir 
vs.  VCE  characteristics  before  and  after 
exposure  to  hydrogen.  Solid  lines  are 
before  hydrogen  exposure  and  dashed  lines 
are  after  hydrogen  exposure.  The  base 
current  is  in  l^A  steps  from  o  to  4/iA. 
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Figure  3:  Typical  chemical  sensitive  BJT  Ic 
vs.  VCE  characteristics  before  and  after 
exposure  to  UV  light.  Solid  lines  are 
before  UV  illumination  and  dashed  lines  are 
after  UV  illumination.  The  base  current  is 
in  I/4A  steps  frcm  0  to  4^A. 
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Solid-electrolyte  oxygen  sensors  so  far  commer¬ 
cialized  are  classified  into  two  types,  i.e.,  poten- 
tiometric  type  in  which  electromotive  force  (e.m.f.) 
varies  logarithmically  with  oxygen  partial  pressure, 
and  amperometric  type  in  which  electrolytic  current 
usually  varies  linearly  with  oxygen  concentration. 
Both  types  have  been  commercialized  typically  by  using 
stabilized  zirconia  but  these  sensors  must  be  operated 
at  elevated  temperature  in  order  to  ensure  suffi¬ 
ciently  large  ionic  conductivity.  On  the  other  hand, 
low-temperature  ionic  conductors  such  as  fluolide  ion 
conductors1*  and  proton  conductors2'3*  have  recently 
been  applied  to  potentiometric  oxygen  sensors  workable 
at  room  temperature.  For  example,  the  sensors  using 
LaF3^*  could  respond  to  a  change  in  oxygen  partial 
pressure  rather  quickly  at  25  °C.  Although  such 
potentiometric  sensors  can  cover  a  broad  range  of 
oxygen  concentration,  they  are  inferior  in  principle 
to  amperometric  sensors  in  the  accuracy  of  detection. 
This  prompted  us  to  investigate  an  amperometric  oxygen 
sensor  operative  at  room  temperature.  This  paper 
deals  with  a  new  amperometric  oxygen  sensor  using  a 
NAFION  membrane  (proton  conductor). 

Three  types  of  sensor  (Sensors  A,  B,  and  C)  were 
used  in  this  study.  Sensors  A  and  B  are  illustrated 
in  Fig.  1.  A  NAFION  membrane  (H+  type  Nafion  117,  0.2 
mm  thick)  treated  in  boiling  water  for  2  h  was  used  as 
a  solid  electrolyte  (proton  conductor).  The  sensing 
and  the  counter  Pt  electrodes  were  attached  onto  the 
both  sides  of  the  NAFION  membrane  by  means  of  chemical 
plating  using  chloroplatinic  (V)  acid.  This  membrane 
was  then  fixed  to  an  end  of  pyrex  glass  tube  by  epoxy 
resin  and  a  H2(2%)-N2  mixture  was  allowed  to  flow  over 
the  counter  electrode  (Sensor  A,  prototype).  In 
Sensor  B  (improved  type),  another  NAFION  membrane 
(Membrane  II)  with  Pt  electrodes  was  added  beneath 
Sensor  A  (Membrane  I)  with  a  porous  sheet  of  sponge 
being  sandwiched  in  between.  Humid  air  (70-80%  rela¬ 
tive  humidity)  was  allowed  to  flow  inside  the  tube, 
and  DC  voltage  was  applied  between  the  cathode  and  the 
anode  of  Membrane  II  in  order  to  electrolyze  water 
vapor  to  supply  hydrogen  to  the  counter  electrode  of 
Membrane  I.  Sample  gases  with  various  oxygen  partial 
pressures  were  prepared  by  mixing  02  with  N2  and  was 
moistened  by  passing  through  liquid  water  to  prevent 
the  NAFION  membranes  from  drying.  Response  currents 
of  both  sensors  were  measured  in  a  sample  gas  flow  of 
100  cm3/min  at  25  °C  by  means  of  an  electrometer,  with 
the  Pt  electrodes  of  Membrane  I  short-circuited. 

When  moistened  air  was  supplied  to  the  counter 
electrode  of  Sensor  A,  the  response  current  was  very 
small  (ca.  10“9  A)  and  almost  independent  of  the 
oxygen  partial  pressure  even  when  an  external  voltage 
of  1.0  V  was  applied.  The  supply  of  a  H2-N2  mixture 
over  the  counter  electrode  drastically  increased  the 
current,  which  increased  with  an  increase  in  oxygen 
partial  pressure.  This  suggests  that  an  electrochem¬ 
ical  reaction  involving  oxygen  takes  place  at  the 
sensing  electrode  when  H2  is  supplied  to  the  counter 
electrode.  It  is  noted  that  the  responses  to  oxygen 
partial  pressures  can  be  obtained  without  applying  an 
external  voltage.  The  electrode  reaction  taking  place 
on  the  counter  electrode  in  the  presence  of  H2  can  be 


represented  as  follows: 

H2  =  2  H+  +  2  e"  (1) 

The  proton  produced  by  Reaction  (1)  can  migrate  to  the 
sensing  electrode  through  the  NAFION  membrane.  If 
oxygen  exists  in  the  atmosphere  around  the  sensing 
electrode,  the  following  electrochemical  reduction  (2) 
takes  place  on  the  sensing  electrode. 

02  +  4  H+  +  4  e"  =  2  H20  (2) 

Therefore,  the  sensor  cell  eventually  consists  of  an 
H2”02  ^uel  cell. 

The  above  structure  needs  a  supply  of  H2  gas  onto 
the  counter  electrode,  which  is  disadvantageous  for 
miniaturization  and  simplification  of  the  sensor  ele¬ 
ment.  In  order  to  overcome  This  demerit,  Sensor  B  was 
investigated,  which  had  a  hydrogen  self-generation 
system.  In  Sensor  B,  the  electric  current  through 
Membrane  I  was  defined  as  a  sensing  current.  The 
sensing  current  increased  with  an  increase  in  oxygen 
partial  pressure  at  applied  voltages  of  1.0  and  1.5  V, 
while  the  current  at  0.7  V  was  considerably  small  and 
almost  independent  of  oxygen  partial  pressure.  This 
suggests  that  the  evolution  of  H2  from  the  cathode  of 
Membrane  II  took  place  sufficiently  at  applied  voltage 
of  ca.  1.0  V,  when  oxygen  was  present  over  the  sensing 
electrode . 

The  non-linear  dependence  of  the  sensing  current 
of  Sensor  B  on  oxygen  partial  pressure  seemed  to 
suggest  that  the  rate  was  determined  by  electrode 
reactions,  not  gas-diffusion  step.  Then  Sensor  B  was 
covered  with  a  porous  sheet  (0.2  mm  thick)  made  with  a 
mixture  of  Teflon  (20  wt%)  and  antimonic  acid.  With 
this  construction  (Sensor  C),  an  almost  linear  depen¬ 
dence  of  the  short-circuit  current  on  oxygen  partial 
pressure  was  obtained,  although  the  current  values  was 
far  smaller  than  those  of  sensor  B.  This  means  that 
the  porous  sheet  functions  as  a  gas-diffusion  layer. 
The  90%  response  time  of  Sensor  C  to  a  change  in 
oxygen  partial  pressure  from  0,2  to  0.6  atm  was  ca.  3 
min  at  25  °C.  This  value  is  fairly  small  compared 
with  that  of  the  potentiometric  oxygen  sensor  using 
proton  conductor  reported  before.2'3* 
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1  2 

We  have  shown  in  previous  papers  *  that  thin 
polycristalline  films  of  aluminium  doped  ZnO 
present  a  remarkably  good  sensitivity  to  hydro 
gen  in  H^-air  mixtures  in  the  10-1000  ppm  ran 
ge,but  tnat  this  property  is  counterbalanced 
by  the  occurence  of  a  parasitic  reaction. 
Apparently , this  reaction  occurs  at  constant 
rate  at  any  temperature  in  the  range  200-300° 
C,and  provides  additional  current  carriers  in 
excess  to  those  arising  from  the  reaction  of 
hyurogen  with  surface  oxygen  traps.lt  is  there 
fore  necessary  to  correct  the  final  sensor  re"~ 
auings  for  this  parasitic  reaction  contribute 
on  in  oraer  to  have  tne  right  conductivity  fi^ 
gure. 

On  tne  contrary  3  ,at  undoped  microcrystalli¬ 
ne  films  prepared  either  by  spray  pyrolysis 
of  SnCl  .  solutions  in  ethyl  acetate  or  of 
dibutnyl  tin  in  ethyl  acetate  on  electronic 
grade  alumina  substrates , the  parasitic  reac¬ 
tion  occurs  only  up  to  260°C  in  the  case  of 
tin  oxide  from  Sncl.  and  up  to  220°C  in  the 
case  of  tin  oxide  from  organometallic  tin. 

This  is  not  the  only  difference  observed  be¬ 
tween  the  behaviour  of  ZnO  and  SnO,  thin 
film  sensors. 

Major  differences  arise  infact  when  the  com¬ 
parison  is  made  between  ZnO  and  SnO.,  films 
prepared  from  organometallic  tin  solutions. 

In  tnis  latter  case  not  only  a  notewhorty 
sensitivity  is  observed  also  in  the  1-10  ppm 
range  (see  tig. 1), but  also  tne  response  times 
are  uefinitly  shortened  to  less  than  1  sec. 


Fig.1:  partial  pressure  dependence  of  the 

different  sensors. 


T»ie so  results  could  be  understood  by  conside¬ 
ring  tnat  the  parasitic  surface  reaction  is 
associated  to  lattice  disorder. 

Actually , as  a  good  example , the  presence  of 
substitutional  cnlorine  in  the  SnO.  lattice 
snoulu  be  accompained  by  the  presence  of  an 
excess  of  metal  vacancies 

o.rj  SnCl .  -w  o.  5  Sn,.  +  2C1  , ,  +  0.5  V' 

^  bn  tl  bn 


which, in  turn , promotes  the  loosening  of 
oxygen-metal  bonds. 

In  good  agreement  with  this  hypotesis , f rom 
the  experimental  values  of  the  exponent 
of  the  power  law 
o  =  o  ( i  +K  P  )P 
11 2 

where  6=  E/kT, which  well  describes  the 
partial  pressure  dependence  of  tiie  electrical 
conductivity  (see  Fig.l)  we  obtain  figures 
for  the  surface  energy  E  whicn  are  a  sensi¬ 
ble  function  of  the  f i lm°preparation  procedu 
re  as  well  of  the  temperature  (See  Table  I)"* 
unless  in  the  case  of  tin  oxide  films  prepa 
red  from  organometallic  tin, where  the  amount 
of  disorder  resulting  from  etherovalent  ani¬ 
ons  should  be  negligible. 
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TABLE  I :  Experimental  values  of  t.  (eV)  for 
ZnO  oxides  and  SnO^  films. 

T°C  KQ  (eV) 

ZnO  Sn02(£rom  SnO. (from 

SnCI^soln)  organom.Sn) 

215  .267  .197 

225  .34b  .194 

240  .263  .230 

250  .202  .201 

260  .310  .177 

275  -  501  .21  7  .  loo 

300  . 293  .16b  .17b 
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Although  bulk  piezoelectric  crystal-based  sensors  have  been 
studied  as  sensors  for  a  broad  range  of  liquid  phase  analysis  goals,  it 
could  be  argued  that  few  applications  are  as  uniquely  well  suited  for  th.s 
sensing  tool  as  corrrosion  characterization.  The  ability  to  directly  obtain 
both  real-time  electrode  mass  and  electrochemical  current  data  reduces 
greatly  much  of  the  uncertainty  and  logistical  complexity  of  corrosion 
analysis,  relative  to  conventionalcorrosion  analysis  approaches. 
Moreover,  the  small  sensor  size  and  cost,  together  with  the  ability  to 
apply  a  wide  range  of  materials,  give  piezoelectric  crystal-based 
corrosion  monitoring  system  very  useful  characteristics  for  field  and 
process  stream  analysis. 

Despite  these  inherent  advantages,  industrial  willingness  to  use 
this  new  corrosion  analysis  tool  depends,  to  a  large  degree,  on  the 
ability  to  demonstrate  that  this  approach: 

1 1  has  a  sound  fundamental  basis 

2J  can  be  applied  under  a  broad  range  of  conditions 
to  materials  of  interest 

3]  gives  results  which  are  consistent  with  accepted 
corrosion  characterization  techniques 

Fundamental  Basis 

It  will  be  asssumed  for  the  current  discussion  that  fluid  coupling 
effects,  such  as  would  arise  from  viscous  coupling,  have  been 
accounted  for.  the  basis  for  performing  such  data  analysis  is  presented 
elsewhere  (1,2).  For  the  special  cases  of  negligible  variation  in  fluid 
properties,  the  measured  resonant  frequency  data  requires  no  fluid 
coupling  correction. 

The  mass  sensitivity  of  an  oscillating  piezoeleclric  crystal  manifests 
itself  as  a  linear  dependence  between  changes  in  the  mass  per  unit 
area,  or  areal  mass  densily.  Am.  and  the  resonant  frequency  of  the 
crystal,  Af: 

Af  =  -S-Amy  (I) 

The  sensilitivty.  S,  Is  a  geometric  factor,  dependent  on  the  bulk 
piezoelectric  crystal  thickness.  The  total  area  mass  density  change  is 
given  by  Amy. 

The  temporal  derivative  of  the  resonant  frequency  represents  the 
rale  of  mass  change  on  the  piezoelectric  crystal  electrode: 

dmy/dt  -  -  S'*  •  df/dt  [2] 


An  independent  mass  balance  can  also  be  written  on  the  basis  of 
Faraday's  law: 

dmT/dt  -  F^Kapj-Mj/nj)  (3] 

where  ij.  Mj.  and  nj  represent  the  current  density,  molecular  weight,  and 
charge  equivalents  for  all  of  the  j  charge  transfer  reactions.  The 
coefficient  aj  describes  whether  the  reaction  produces  mass  gain  (aj). 
mass  loss  (aj  *  -1)  or  no  mass  change  (aj  =  0). 

For  the  special  case  of  a  reaction  system  with  two  known  corrosion 
reactions,  I  and  II,  equation  3  can  be  written  explictly  as: 

dnvdl-  F-1[(i|-Mj/nl)+((iT-i|^M,|/n||)J  [4] 

Equating  (2)  and  (4|  yields  one  equation  in  the  two  experimental 
variables,  df/dt  and  the  total  current  density,  iy0tal-  an£*  one  unknown 
variable  .  i|.  This  allows  real-time  analysis  of  current  partitioning  between 
two  competing  reactions. 

Ranoe  of  Conditions  and  Materials 

Two  chief  restrictions  apply  to  the  use  of  bulk  piezoelectric  crystals 
for  corrosion  analysis  For  the  first,  the  working  temperature  range  must 
not  exceed  the  material  stability  limit  of  the  piezoelectric  crystal.  For  long 
term  applications  this  consideration  must  account  not  only  for 
mechanical  stability,  but  also  for  solubility  of  the  crystal  in  the  fluid. 

The  second  restriction  applies  to  the  maximum  material  thickness 
that  can  be  studied.  The  specimen  mass  must  be  much  less  than  the 
crystal  mass  to  avoid  loading  of  the  piezoelectric  crystal,  dictating  that 
the  test  piece  be  in  a  film  form  less  than  10  microns  thick. 

This  latter  constraint  poses  a  controversial  requirement 
production  of  a  film  electrode  that  faithfully  mimics  the  corrosion 
behavior  of  a  macroscopic  piece  of  (nominally)  the  same  material.  This  is 
especially  troublesome  for  polycryslalline  alloys,  where  it  is  impossible 
to  even  approximate  the  same  processing  conditions  for  both  the 
macroscopic  and  film  forms. 


Comparison  with  Accepted  Corrosion  Analysis  Techniques 

Polarization  plots  obtained  at  the  University  of  Washington  and  at 
Baltelle  Pacific  Northwest  Laboratories  show  results  that  are  remarkably 
similar  for  bulk  iron  samples  and  sputtered  iron  films  in  various  hydroxide 
and  oxygenated  inorganic  salt  solutions.  Comparison  between 
sputtered  thin  film  and  bulk  samples  of  stainless  sleels  also  show  good 
agreemenl.  Variations  in  system  temperature  and  gas  sparging 
conditions  show  similar  effects  on  the  corrosion  behavior  of  bulk  and 
sputtered  electrode  films  of  iron  and  iron  alloys 

Figure  1  co-plots  the  cell  current  and  df/dt  vs  the  working 
electrode  potential,  for  an  iron  film  electrode  in  0  IN  NaCI  at  25X  The 
variation  of  df/dt  and  current  structure  shown  in  this  plot  represent 
regimes  of  differing  Faradaic  charge  to  reactant  mass  ratios,  giving  new 
insight  into  the  corrosion  process  control  mechanisms  active  over  the 
potential  range  studied. 

Finally,  comparison  of  corrosion  rates  under  zero  net  current 
conditions  wilt  be  made,  between  data  determined  from  piezoelectric 
crystal  resonant  behavior  and  corrosion  current  data  obtained  from  Talel 
plots. 
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Piezoelectric  crystal-based  sensors  have  been  used  routinely  in 
vacuum  systems  for  measuring  film  deposition  thicknesses  In  these 
application,  mass  added  to  the  crystal  surface  linearly  decreases  the 
crystal  resonant  frequency;  this  frequency  is  used  as  a  simple  direct 
measure  of  mass  deposition.  In  application  of  bulk  piezoelectric  crystal 
sensors  to  liquid  phase  analysis,  the  resonant  behavior  of  the  crystal 
depends  on  both  adherent  mass  changes  on  the  crystal  and  coupling 
processes  between  the  crystal  and  fluid  The  potential  then  exists  to 
use  the  piezoelectric  crystal  as  a  monitor  (or  all  of  the  fluid  parameters 
which  influence  this  coupling 

Thus  piezoelectric  crystal  based  sensors  offer  promise  tor 
simultaneously  sensing  some  or  all  of  the  following  fluid  properties: 
viscosity,  density,  specific  conductivity,  and  dielectric  constant.  These 
lulid  parameters  also  need  to  be  accounted  for  when  piezoelectric 
crystal  based  sensors  are  used  for  mass  measurements,  e  g.,  corrosion, 
electrodeposition  and  adorption.  lor  determination  of  fluid  flow  rates, 
and  for  evaluation  ot  surface  properties,  such  as  surface  tension  and 
surface  roughness. 

The  resonant  behavior  of  bulk  piezoelectric  quartz  crystals  in 
contact  with  liquids  has  been  widely  demonstrated  to  show  a 
dependence  on  the  square  root  of  the  viscosity  density  product,  for 
fluids  at  low  viscosities,  p  <  0.1  g-rrr  V1.  However,  the  measurement  of 
viscosity  isolated  from  density  alone,  and  the  measurement  of  higher 
viscosities  has  not  yet  been  shown.  And  quantitative  separation  of  the 
effects  ot  the  many  solution  properties  influencing  the  resonant 
frequency  ol  the  piezoelectric  crystal  is  still  in  debate 

Current  models  of  the  effects  of  solution  properties  on  crystal 
resonant  Irequency  tend  to  be  inconclusive  and  empirical  in  nature 
More  importantly,  they  are  severely  limited  when  more  then  one 
property  is  varying  This  is  particularly  true  if  both  fluid  mechanical  and 


electrical  parameters  are  variable  A  unified  study  of  all  crystal/solution 
couplings  is  the  necessary  next  step  before  piezoelectric  cryrtal  based 
sensors  can  achieve  broad  applicability  for  tluid  analysis 

We  have  analyzed  Ihe  impedance  magnitude  and  phase  as  a 
function  of  frequency  for  a  large  variety  of  binary  solutions  covering  a 
wide  range  of  varying  viscosities,  densities,  dielectric  constants, 
molecular  weights,  concentration  and  specific  conductivities  Solutions 
used  include  alcohol/water  solutions,  hydrogen  peroxide/water 
solutions,  glycerol/water  solutins,  inorganic  salt  solutions,  and  acid 
solutions. 

These  experiments  were  performed  for  each  solution  using 
several  crystals  of  differing  nominal  resonant  frequency  and  electrode 
diameter  The  former  diferences  permit  evaluation  of  possible 
dispersion  effects  in  fluid  paralelers 

Variation  in  the  electrode  diameter  to-crystal  thickness  ratios 
provide  a  useful  basis  tor  determining  the  inlluence  ol  fluid  electrical 
parameters  on  crystal  resonant  behavior.  Most  importantly,  this  data 
base  also  permits  quantitative  assessment  ot  the  coupling  interactions 
between  mechanical  and  electrical  parameters 

The  statistical  technique  of  partial  least  squares  analysis  has  been 
used  to  relate  the  solution  properties  to  the  measured  impedance 
curves  Partial  least  squares  path  modeling  with  latent  variables  <PLS)  is 
an  algorithm  lor  relating  one  or  more  dependent  variables  to  two  or  more 
independent  variables.  This  method  allows  the  relationships  between 
many  blocks  of  data  (i  e  ,  data  matrices)  to  be  characterized  The  power 
ot  PLS  is  due  to  the  tact  that  the  latent  variables  simultaneously  describe 
the  maximum  predictive  variance  of  a  block,  and  provide  maximmal  fit  to 
the  path  model  By  using  only  the  signilicant  number  ol  latent  variables 
in  the  procedure,  a  noise  filtering  etlcct  is  obtained  which  results  in  the 
improved  predictive  ability  of  PLS. 

This  statistical  analysis  was  performed  to 

1]  determine  the  percent  variance  ot  the  curves  with  each 
soluton  property  (viscosity,  density,  dielectric  constant 
and  ionic  strength)  and  groupings  between  these 
properties 

2)  determine  signilicant  soluliorVcrystal  coupling  modes 

31  develop  an  equivalent  circuit  model,  lor  a  bulk 

piezoelectric  crystal  in  contact  with  a  liquid,  capable  ot 
accounting  quantitatively  tor  solution  viscosity, 
density,  dielectric  constant  and  ionic  strength 

Tins  circuit  representation  will  be  compared  directly  with  the 
Buttcrworth/Van  Dyke  equivalent  circuit  model  used  to  describe 
resonant  behavior  in  a  very  low  viscosity  environment 

Finally,  the  implications  of  Ihis  coupling  mode  and  equivalent 
circuit  analysis  to  liquid  phase  sensing  will  be  discussed  Special 
emphasis  will  be  given  to  defining  the  fundamental  limits  tor  determining 
multiple  tluid  parameters  with  a  single  piezoelectric  crystal  sensor  The 
related  issue  ot  quantitative  separation  ot  crystal- fluid  coupling  effects 
from  resonant  behavior  effects  arising  from  adherent  mass  variations  wilt 
also  be  addressed 
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Development  of  miniature  reference  electrode 
systems  tc  measure  either  sodium  or  sodium 
polysulfide  activity  has  continued  (1,2].  The 
reference  electrodes  contain  small  (2-mm2  active 
area),  thin  membranes  of  a  Na+- ion-conducting  glass 
which  was  developed  as  part  of  our  work,  on  glass 
electrolytes  for  the  Na/S  cell  [3,4].  The  small, 
electrochemlcally  active  area  of  the  reference 
electrode  makes  precise  positioning  possible  in  an 
electrochemical  system  of  interest. 

As  we  described  previously  (1,2),  the  reference 
electrode  is  made  by  attaching  a  thin  membrane  of 
glass  tc  a  narrow,  (ca,  3-mm  00),  high-density 
a-Al203  tube.  Once  a  reference  material  is  sealed 
within  it,  the  small  active  area  behaves  like  a 
Luggin  capillary  tip. 

From  our  work  [1-4],  we  knew  that  no  problems 
were  innate  to  the  operation  of  the  reference 
•lectrode  in  the  temperature  range  of  120-400°C. 
However,  it  was  necessary  to  demonstrate  the  thermal 
and  operational  limits  of  the  glass.  That  is,  we  did 
not  know  if  glasses  in  the  Na20-Zr02”Al203-Si02 
system  have  sufficient  chemical  stability  in  a  harsh 
environment,  such  as  Na  at  high  temperatures,  to 
provide  meaningful  data.  A  reference  electrode 
containing  Na2S2  was  tested  in  Na  at  about  600°C  to 
determine  the  chemical  stability  of  the  glass  as  well 
as  the  stability  of  the  EMF .  After  equilibration,  at 
586°C,  a  stable  EMF  (*2  mV)  of  1.488  V  was  measured 
for  11  hours.  Thereafter,  a  sharp  decrease  in  EMF 
was  observed.  This  decrease  was  due  to  electrode 
failure. 

The  utility  of  the  reference  electrode  design  was 
further  demonstrated  by  coulometric  titr. tiona  of 
N1C12  and  FeCl2  electrodes  (2  mAh  capacity) 
containing  NaAlCl4  (1:1  by  weight)  in  the  temperatura 
range  of  250-300°C.  A  typical  plot  for  the  titration 
of  FeCl2  at  250°C  is  given  in  Figure  1.  The 
coulometric  titration  precisely  shows  the  expected 
transition  from  the  equilibrium  represented  by  Eq.  1 
(2.35  V)  to  that  of  Eq.  2  (2.34  V)  [5J. 

4FeCl2  ♦  6Ne  %  Na6FeClg  ♦  3Fe  (1) 

Na6FeCl0  ♦  2Na  %  8NaCl  ♦  Fe  (2) 

Work  is  in  progress  to  extend  the  operating 
temperature  range  to  lower  temperatures. 
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